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Summary 

Waste  Forms  Based  on  Separations  Media  (DOE  360-94) 

Millions  of  gallons  of  radioactive  wastes  contained  in  tanks  at  U.S.  Department  of  Energy’s 
(DOE’S)  Hanford  site  require  immobilization  in  stable  waste  forms.  Unfonunately,  many  waste 
feeds  produced  during  ta^  waste  processing  are  either  insoluble  or  incompatible  with  the  baseline 
borosilicate  glass  host  that  is  currendy  proposed  for  containment  of  Hanford  waste.  Two  feeds 
that  represent  significant  challenges  to  borosilicate  glass  are  phosphate-rich  tank  sludges  and 
silicotitanate  ion  exchangers  (<  1  wt%  of  each  insoluble  component  is  allowed  in  the  baseline 
glass).  If  high  levels  of  waste  dilution  are  required  to  stabilize  these  wastes,  the  resulting  volume 
of  high  level  borosilicate  waste  glass  can  be  up  to  100  times  greater  than  that  of  the  waste  feed, 
thus  increasing  disposal  costs  by  tens  of  billions  of  dollars. 

Researchers  at  PNNL  examined  the  feasibility  of  alternative  glass  or  ceramic  waste  forms  for 
containment  of  Ti02-rich  and  phosphate-rich  wastes.  Tailoring  of  waste  form  compositions  to 
specific  waste  feeds  rather  than  attempting  to  tailor  waste  feeds  for  accommodation  by  a  single 
waste  form  will  minimize  the  volume  of  expensive  HLW.  For  TiC)2-rich  ion  exchanger  waste,  the 
high  temperature  phase  selection  and  properties  for  three  key  constituents  of  silicotitanate  ion 
exchangers:  CS2O,  SiOz,  and  TiOz  was  determined.  This  work  has  mapped  out  large  portions  of 
the  phase  diagram  (Figure  1)  and  has  shown  that  several  glass  and  ceraimc  compositions  have 
durabilities  comparable  to  borosilicate  glass.  While  TiOz  niay  have  limited  solubility  in 
borosilicate  glass,  silicate  glasses  that  do  not  contain  boron  can  incoiporate  up  to  30  wt%  TiOz. 
Two  new  Cs-silicotitanate  zeolites  with  unique  aystal  structures  that  encapsulate  the  Cs  in 
covalently  bonded  molecular  cages  have  been  discovered.  Both  these  zeolites,  as  well  as  several 
other  glass  and  ceramic  compositions  examined  in  the  CszO-TiOz-SiOz,  system  have  high 
durabilities  and  would  serve  as  viable  waste  forms  for  containment  of  Cs  sorbed  onto  silicotitanate 
ion  exchangers. 


SiOj 


Figure  1:  Ternary  phase  diagram  for  the  system  CszO-TiOz-SiOz.  Two  new  phases,  CsTiSi206.5 
and  CszTiSi60i5  were  discovered  and  characterized.  Two  or  more  additional  phases  with 
approximate  composition  (B  and  D)  have  been  identified. 
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ton  phosphate  glass  has  been  identified  as  an  alternative  host  for  phosphate  and  iron-rich  tank 
waste  and  for  CsCl  and  SrF2  capsule  waste.  These  glasses  contain  up  to  50  times  more  phosphate 
and  four  times  more  iron  than  borosilicate  glass.  The  glasses  can  incorporate  high  concentrations 
(20-40  wt%)  of  alkali  metal  ions  such  as  Na+  and  still  retain  durabilities  (resistance  to  attack  by 
water)  that  are  comparable  to  or  better  than  that  of  stantod  borosilicate  waste  glass.  The  glasses 
are  formed  using  prevalent  sludge  components,  thus  minimi2dng  Mt  additions  and  waste  yolimies. 
Iron  phosphate  glasses  have  also  been  shown  to  dissolve  30  wt%  CsCl  or  SrF2  while  maintaining 
exceptional  durabilities  (20  to  50  times  better  than  borosiHcate  glass).  The  potential  for  iron 
phosphate  glasses  to  provide  exceptional  chemical  durability  at  substantially  higher  waste  loadings 
makes  these  new  glasses  attractive  candidates  as  hosts  for  disposal  of  phosphate-rich  sludges. 
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Chapter  1 


EVALUATION  OF  CESIUM  SILICOTITANATES 
AS  AN  ALTERNATIVE  WASTE  FORM 


EVALUATION  OF  CESIUM  SILICOTITANATES 
AS  AN  ALTERNATIVE  WASTE  FORM 

YALI  SU,  M.  LOU  BALMER,  and  BRUCE  C,  BUNKER 
Pacific  Northwest  National  Laboratory,  Richland,  WA  99352 

ABSTRACT 

Silicotitanate  ion  exchangers  are  potential  materials  for  the  removal  of  radioactive  Cs  and 
Sr  from  tank  wastes.  In  this  paper  the  viability  of  direct  thermal  conversion  of  Cs-loaded 
silicotitanates  to  an  acceptable  high  level  waste  form  has  been  examined.  Results  show  that  in 
aqueous  solutions,  the  Cs  leach  rates  of  crystalline  silicotitanates  (heat  treated  at  SOO^^C)  are 
0.04,  0.18,  0.4  g/m^day  for  Cs  loadings  of  1,  5,  and  20  wt%,  respectively.  Heating  the  Cs- 
loaded  (up  to  20  wt  %)  silicotitanates  at  or  above  900  ®C  for  1  hour  further  reduces  the  Cs  leach 
rates  to  approximately  zero  (beyond  the  Ippm  detection  limits).  Moreover,  Cs  volatilization 
was  found  to  be  <  0.8  wt%  at  temperatures  as  high  as  1000  ®C.  These  results  suggest  that 
thermally  converted  silicotitanate  ion  exchangers  exhibit  excellent  chemical  durability 
(comparable  to  or  better  than  borosilicate  glass)  and  thus,  have  great  potential  as  an  alternative 
waste  form. 

INTRODUCTION 

Over  the  past  50  years,  nuclear  defense  activities  have  produced  over  100  million  gallons 
of  nuclear  wastes  that  now  require  safe  and  permanent  disposal^  The  current  proposed  disposal 
procedure  is  to  remove  Cs  and  Sr  from  the  concentrated  salt  solutions  with  selective  ion 
exchangers,  then  treat  the  solution  as  low-level  waste  (LLW).  After  separation  from  the  salt 
solutions,  the  concentrated  Cs  and  Sr  are  planned  to  be  vitrified,  then  interim-stored  or  placed 
into  long-term,  geological  storage  as  high  level  waste  (HLW).  To  implement  these  procedures, 
one  of  the  most  important  steps  is  to  identify  the  ion  exchange  material.  An  acceptable  ion 
exchanger  not  only  must  have  high  selectivity,  and  chemical,  thermal  and  radiation  stabilities,  but 
also  must  be  acceptable  to  the  actual  exchange  processes,  and  be  able  to-be  converted  into  a 
stable  waste  form  for  disposal^.  For  the  past  few  years,  a  number  of  orgamc  and  inorgamc  ion 
exchange  materials,  including  resorcinal-formaldehyde  resin,  aluminosilicate  zeolites,  zirconium 
phosphates,  and  crystalline  silicotitanates  (CSTs),  have  been  developed  and  evaluated  for  the 
removal  of  Cs  and  Sr  from  the  nuclear  wastes  Recently,  studies  show  that  CSTs  fulfill  many 
of  these  requirements^  and  thus,  have  the  potential  as  ion  exchangers  for  the  removal  of  Cs  from 
nuclear  wastes. 

The  feasibility  of  converting  CSTs  into  a  HLW  form  is  being  evaluated.  Currently,  two 
options  are  being  considered  for  processing  the  Cs-Ioaded  exchangers:  1)  elution  and 
concentration,  2)  dissolution  in  borosilicate  waste  glass  rnelts.  Since  Cs  is  retained  in  CSTs  even 
in  acidic  solution,  thi5^  precludes  the  elution  option.  Thus,  processing  the  Cs-loaded  CSTs 
requires  the  direct  use  of  the  loaded  exchanger  as  a  feed  to  make  the  final  waste  form.  In  general, 
this  is  accomplished  by  “melt-dissolution”  where  the  loaded  exchanger  is  first  mixed  with  glass 
frit  and/or  other  radwaste  oxides,  then  dissolved  into  borosilicate  melts  to  form  the  HLW  glass. 
For  CSTs,  this  “melt-dissolution”  process  has  been  challenged  because  in  current  glass 
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formulations  the  maximum  allowed  TiOi  concentration  is  only  1  wt%.  Assuming  ideal  column 
operation  can  be  achieved  with  the  CST,  dissolution  of  the  CST  into  borosilicate  glass  would 
increase  the  total  volume  of  HLW  glass  to  33%  more  than  the  baseline®.  Researchers  at  PNNL 
have  identified  direct  thermal  conversion  as  another  option  for  CST  conversion  to  solid  waste^. 
Different  from  the  previous  two  options,  this  method  directly  converts  the  CSTs  into  solid 
waste  forms  by  heating  the  Cs-Ioaded  CSTs  at  high  temperature  with  a  minimum  amount  of 
other  additives. 

In  this  paper,  we  examine  the  feasibility  of  direct  thermal  conversion  to  produce  an 
alternative  waste  form.  A  CST  formulation,  TAM-5  (synthesized  by  UOP,  initially  developed 
at  Sandia  and  Texas  A&M  University),  has  been  studied  in  terms  of  its  Cs  volatility  during  heat 
treatment  and  chemical  durability  after  heat  treatment-  The  results  show  that  the  thermally 
converted  Cs-loaded  silicotitanate  ion  exchangers  have  good  potential  to  be  an  alternative  waste 
form. 

EXPERIMENTAL  METHODS 

TAM-5  ion  exchangers  were  used  as  received.  Four  different  Cs  loadings,  1, 5, 10  and 
20  wt%  were  examined.  The  Cs  loadings  (1  to  10  wt%)  were  accomplished  by  adding  TAM-5 
powder  to  a  CsCl  solution  with  the  exact  Cs  concentration,  then  stirring  the  solution  for  24 
hours.  Solutions  were  analyzed  by  atomic  absorption  spectrometry  (AAS)  to  assure  that  all  Cs 
was  ion  exchanged  from  solution-  The  20  wt%  Cs  loading  was  prepared  by  first  adding  TAM-5 
to  a  CsCl  solution  in  which  the  Cs  concentration  was  ten  times  higher  than  the  Cs  exchange 
capacity.  The  maximnTn  Cs  loading  was  determined  to  be  20  wt%  by  measuring  the  final  Cs 
concentration  in  solutions.  Cs  loaded  samples  were  rinsed  with  de-ionized  water,  centrifuged 
and  dried  in  air.  Thermogravimetric  analysis  (TGA)  and  differential  thermal  analysis  (DTA) 
were  performed  at  a  rate  of  10°C/min  on  the  Cs-Ioaded  samples  to  determine  the  temperatures 
at  which  decomposition,  crystallization,  and  melting  occurred.  Heat  treatments  were  performed 
in  air  at  temperatures  ranging  from  500  to  lOOO'^C  at  a  rate  of  5°C/min.  The  heat  treated 
samples  were  analyzed  for  the  volume  fraction  and  structure  of  crystalline  phases  using  x-ray 
diJB&action  (XRD). 

The  Cs  leach  rate  was  measured  using  the  MCC-1  standard  static  leach  test.^  The  Cs- 
loaded  powders  were  heat  treated  to  500  ‘’C  for  one  hour  then  pressed  into  a  pellet.  The 
resulting  pellet  was  further  heated  at  the  test  temperature  for  one  hour.  For  the  leach  test,  the 
heat  treated  pellet  vvas  suspended  by  a  Teflon  string  in  the  90  ““C  de-ionized  water.  The 
leachate  solution  was  analyzed  for  Cs  concentration  using  (AAS).  The  geometric  surface  area  of 
the  pellets  was  used  for  calculation  of  the  leach  rates.  Cs  volatihty  measurements  were 
performed  in  two  steps.  The  Cs-loaded  pellet  was  first  heat  treated  in  an  enclosed  Pt  crucible  in 
the  hot  zone  of  a  furnace.  The  top  of  the  crucible  was  extended  out  from  the  hot  zone  and  was 
cooled  by  convection  to  allow  the  volatile  components  to  condense  on  the  inside  of  the  crucible. 
The  volatile  components  were  then  collected  by  washing  the  crucible  in  a  0.2  M  nitric  acid 
solution-  The  amount  of  Cs  in  the  volatile  components  in  the  nitric  acid  solution  was 
determined  by  AAS. 

RESULTS  AND  DISCUSSION 
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1.  Cs  Leach  Rate 


The  leach  rates  of  several  Cs  loaded  TAM-5  samples  heat  treated  at  several  different 
temperatures  were  measured  at  different  time.  The  results  are  shown  in  Figure  1.  After  heating 
at  700°C  for  1  hour  and  then  leaving  the  peUet  in  the  deionized  water  for  24  hours,  the  1,  5  and 


0  5  10  15  20 

Time  (Days) 


0  5  10  IS 

Time  (Days) 


Figure  1.  Leach  rates  measured  at  90°C  for  (a)lwt%,  (b)  5  wt%,  and  (c)  20wt% 
Cs  loaded  TAM-5  samples  treated  at  different  temperatures. 
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20wt%  Cs  loaded  samples  exhibited  high  Cs  leach  rates  of  0.45,  12,  and  18  g/m^day, 
respectively.  Since  the  Cs  leach  rate  decays  monotonically  with  time  as  shown  in  Fig.l,  after  14 
days  the  leach  rales  reduced  from  previous  values  to  0.12,  0.62,  and  1.1  g/m^day,  respectively  .In 
contrast  to  these  high  leach  rates,  the  Cs  loaded  samples  exhibited  very  low  leach  rates  after 
heating  at  higher  temperatures.  For  example,  after  heating  at  800°C  for  one  hour  the  leach  rates 
of  1,  5,  and  20wt%  Cs  loaded  samples  became  0.04,  0.18,  0.4  g/m^day,  respectively.  Thus, 
increase  of  the  treatment  temperature  from  700  °C  to  800  °C  reduces  the  leach  rate  by  more 
than  an  order  of  magnitude.  Increase  of  temperature  to  900°  C  or  higher  further  reduces  the  leach 
rates  to  approximately  zero  (beyond  the  AAS  detection  limits).  These  results  show  that 
durability  highly  depends  on  both  the  Cs  loading  and  the  thermal  history.  The  phase(s)  which  is 
(are)  responsible  for  locking  in  Cs  will  be  discussed  in  following  sections. 

n.  TGA/DTA  results 

In  addition  to  the  Cs  leach  rates,  melting,  crystallization,  and  weight  loss  were  studied 
using  TGA/DTA  to  evaluate  the  phases  responsible  for  the  low  Cs  leach  rates.  Results  showed 
that  samples  with  different  Cs  loadings  (1  to  10wt%)  exhibited  similar  TGA/DTA  patterns, 
suggesting  that  different  Cs  loading  did  not  alter  the  phase  distribution.  Figure  2  shows  typical 


Figure  2.  TGA/DTA  results  at  a  heating  rate  of  10°C/min 
for  lwt%  Cs  loaded  TAM-5  sample. 


TGA/DTA  curves  of  a  TAM-5  sample  loaded  with  1  wt%  of  Cs.  In  the  DTA  curve,  an 
exothermic  or  endothermic  peak  without  a  corresponding  weight  loss  corresponds  to  the  change 
or  formation  of  a  crystalline  phase  or  to  a  melting  event  The  exothermic  events  at  650°C  and  • 
850°C  (labeled  a  and  y  respectively  on  Figure  2)  represent  the  formation  of  a  crystalline  phase 
while  the  endothermic  event  at  1 100  °C  labeled  P  is  where  melting  occurred.  Around  250°C,  the 
TGA  curve  exhibits  the  highest  weight  loss  rate,  suggesting  decomposition  occurred  in  that 
temperature  region.  The  formation  of  a  new  crystalline  phase  at  850°C  (labeled  y)  corresponds 
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to  the  significant  change  in  Cs  leach  rates  between  700°C  and  900°C.  The  20wt%  Cs  loaded 
.sample  exhibits  a  somewhat  different  TGA/DTA  pattern.  In  addition  to  the  shifts  of 
endothermic  and  exothermic  peaks  in  the  low  temperature  region,  melting  occurs  at  1000®C, 
suggesting  that  the  20wt%  Cs  loaded  sample  has  a  different  phase  composition,  as  will  be 
further  discussed  in  the  next  section.  .  - 

in.  Phase  Evaluation 

Cs-Loaded  TAM-5  samples  have  five  components,  CsiO,  Na20,  SiOa,  TiOj,  and  a 
proprietary  component.  The  phase  composition  of  the  heat-treated,  Cs-loaded  TAA'I-S  samples 
was  analyzed  using  XRD.  Volume  percentage  of  the  total  crystalline  phases  was  calculated  by 
comparing  the  total  diffracted  intensity  with  the  integrated  background.  Weight  percentage  of 
each  crystalline  phase  was  determined  by  the  ratio  of  the  100%  peak  height  to  the  total 
diffiacted  intensity.  The  crystaUme  phase,  volume  fiaction  and  weight  percentage  of  different  • 
phases  of  the  heat  treated  Cs-TAM-5  samples  are  smnmarized  m  Table  1. 

The  phases  labeled  A-F  are  new,  unknown  single  phases  or  mixtures  of  phases  that 
coiild  not  be  matched  with  any  existing  compounds  in  the  Powder  Diffaction  File  (PDF) 
database.  The  phases  labeled  X  and  Y  are  known  sodium  and  sodium  titanium-containing  phases 
that  also  contain  a  proprietary  component.  Although  phase  identification  is  incomplete, 
relationships  between  the  phase  evolution  with  temperature  and  the  corresponding  leach  rates 
can  be  identified.  As  was  shown  in  Section  I,  the  Cs  leach  rate  decreases  by  more  than  an  order 
'  of  magnitude  between  700  and  900  "C.  This  temperature  range  corresponds  to  the 
disappearance  of  phase  B  and  the  formation  of  Phase  C,  (proprietary  phase  X  remains 
approximately  conkant).  From  this  result,  it  appears  that  phase  C  is  responsible  for  binding  the 
Cs  and  reducing  the  leach  rate.  For  20  wt%  Cs  loadings,  additional  phase  E  which  does  not 
appear  to  affect  the  leach  rate,  is  observed  firom  700  — 900°C.  The  composition-temperature- 
phase  relationships  for  the  Cs20-Ti02-Si02  are  currently  under  investigation  and  are  expected 
to  provide  some  insights  into  the  phase  selection  and  high  durability  of  heat  treated  Cs-TAM-5. 

TV.  Cs  Volatility 

•  The  Cs  weight  loss  (volatility)  of  the  Cs-TAM-5  was  examined  at  different  processing 
temperatures.  Since  volatility  generally  increases  with  loading,  here  we  only  discuss  the 
volatility  at  the  mfl-yimum  Cs  loading  (20  wt%)  condition.  The  Cs  weight  loss  as  a  function  of 
temperature  is  shown  in  Figure  3.  The  results  suggest  that  the  Cs  losses  are  extremely  low,  only 
0.6  to  0.8  wt%  of  the  total  Cs  loading  at  the  expected  processing  temperatures  (800  to  1000 
"C).  This  is  comparable  to  Cs  volatility  firom  borosilicate  glass  for  Cs  loadings  of  1.9  wt%  at 
900°C,  which  is  well  below  the  melting  temperature  of  borosilicate  glass*.  Cs  losses  of 
-borosilicate  glas.*;  can  be  as  high  as  70  wt%^  at  the  typical  processing  temperature  (1 150‘’C). 

V.  Comparison  of  Leach  Rates  of  Cs-TAM-5  with  Borosilicate  Glass 

In  order  to  show  that  Cs-TAVI-5  has  the  potential  to  be  an  alternative  waste  form,  it  is 
important  to  compare  the  Cs  leach  rate  of  Cs-TAM-5  with  those  of  the  current  baseline  waste 
form-borosilicate  glass.  However,  a  direct  comparison  is  difficult  since  Cs  loadings  in 


5 


Table  I  Phase  Compositioii  of  Cs-exchanged  TAM-5 


Cs  loading  Heat  Crystal  Vol.  Weight  percentage  of  Crystalline  Phase 

•(wt%)  Temperature  Fraction(%) 

CC,  1  hour)  .... 

1 

500 

100 

Phase  A 

1 

700 

100 

70%  X,  30%  Phase  B 

1 

800 

100 

70%  X,  15%  Phase  B+C,  Minor  Y  ^ 

1 

900 

80 

75%  X,  10%  Phase  C,  15%  Y 

1 

1000 

70 

60%  X,  35%  Phase  C+D,  Minor  Y 

5 

500 

100 

Phase  A 

5 

700 

ioo 

70%  X,  30%  Phase  B  '  ' 

5 

800 

100 

70%  X,  15%  Phase  B+C,  Minor  Y 

5 

900 

80 

75%  X,  10%  Phase  C,  15%  Y 

5 

1000 

60 

70%  X  15%  Phase  C+D,  Minor  Y,  5%  Rutile 

10 

500 

100 

Phase  A 

10 

700 

100 

70%  X  30%  Phase  B 

10 

800 

100 

70%  X  30%  Phase  B+C 

10 

900 

55 

75%  X  10%  Phase  C,  15%  Y 

10 

1000 

55 

55%  X  10%  Phase  C+D,  35%  Rutile 

20 

500 

55 

30%  X  70%  Phase  A 

20 

700 

50 

25%  X  75%  Phase  B+E 

20 

800 

60 

45%  X  55%  Phase  B+C+E 

20 

900 

65 

30%  X  55%  Phase  C+E,  15%  Y 

20 

1000 

45 

55%  X  20%  Phase  F,  5%  Y,  20%  Rutile 

Note:  Phase  A,  B,  C,  D,  E,  and  F  are  unidentified  phases.  X  and  Y  are  proprietary  phases,  X 
and  Y  phases  contain  no  Cs. 


1 

0.8 
<n 

O  0.6 
0) 

O  0.4 
0  0.2 
0 

-Q.2 

400  500  600  700  800  900  1000  1100 

Temperature  (°C) 

Figurje  3.  Weight  percentage  of  Cs  loss  of  a  Cs-TAM-5  sample  (20wt% 
Cs  loading)  as  a  function  of  treatment  temperature. 
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borosilicate  glass  are  typically  much  lower  than  those  in  Cs-loaded  silicotitanates.  But  if  we 
nonetheless  compare  the  leach  rates  of  borosilicate  with  those  of  Cs-TAM-5,  we  find  that  the 
leach  rate  of  borosilicate  glass  is  several  times  higher  than  those  of  the  Cs-TAM-5.  For 
example,  the  Cs  leach  rates  of  borosilicate  glass  simulant  (R7T7,  CS2O  content  of  1.42  wt%  and 
an  overall  alkali  content  of  13.26  wt%)  was  0.91  g/m^day  after  1  day  of  leaching^.  Under  the 
similar  Cs  loading,  the  leach  rate  of  the  TAM-5  sample,  however,  is  approximately  zero 
(beyond  the  Ippm  AAS  detection  limits)  after  treated  at  900  °C.  If  borosilicate  was  loaded 
with  20  wt%  of  Cs,  the  durability  of  the  glasses  would  be  greatly  diminished.  Furthermore, 
Rana  and  Douglas  obtained  a  leach  rate  of  8  g/m^day  (85  °C)  for  a  silicate  glass  loaded  with  15 
mol%  potassium^*^.  Based  on  their  results,  a  silicate  glass  with  20  wt%  of  Cs  (1 1  mol%  )  would 
have  a  leach  rate  approximately  6  g/m^  day,  more  than  two  orders  of  magnitude  higher  than  that 
of  the  Cs-TAM-5  treated  at  900  °C. 

CONCLUSIONS 

This  study  shows  that  “direct  thermal  conversion”  is  a  viable  processing  method  to 
transform  Cs  loaded  silicotitanate  ion  exchangers  into  a  durable  final  waste  form.  Cs-TAM-5 
exhibits  extremely  low  Cs  leach  rates  after  heat  treatment  fi:om  800‘’C  to  900°C.  The  heat 
treatment  is  a  simple,  one  step  process  at  temperatures  well  below  the  current  optimal  melting 
temperature  for  borosilicate  glass.  At  the  optimal  processing  temperature,  the  Cs  volatility  of 
Cs-TAIvI-5  is  orders  of  magnitude  lower  than  that  of  borosilicate  glass  at  its  processing 
temperature  (1 150°C).  The  “direct  thermal  conversion”  method  concentrates  ion  exchanger 
waste  resulting  in  much  lower  waste  volumes  than  the  dissolution-into-borosilicate-melts 
method.  These  advantages  suggest  that  direct  thermal  conversion  of  Cs-loaded  sihcotitanate  ion 
exchangers  represents  a  potential  alternative  to  the  dissolution  of  CSTs  in  borosilicate  glass. 
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ABSTRACT 

Two  new  zeolitic  crystalline  phases  with  stoichiometry,  CsTiSi206.5  and  Cs2TiSi60i5, 
have  been  discovered.  CsTiSi206.5  has  a  crystal  structure  isomorphous  to  the  mineral  pollucite, 
CsAlSi206,  with  Ti+4  replacing  Al+3,  This  replacement  requires  a  mechanism  for  charge 
.  compensation.  A  combination  of  techniques  including  neutron  diffraction,  single  crystal  x-ray 
dif&action  and  x-ray  absorption  spectroscopy  have  revealed  that  eight  extra  oxygens  are  present 
per  unit  cell  CsTiSi206.5  as  compared  to  pollucite..  As  a  result  of  the  extra  oxygen,  the  titanium 
coordination  geometry  is  five-fold.  Pentacoordinate  titamum  and  tetrahedral  silicon  form  a 
network  structure  with  Cs  residing  in  cages  formed  by  the  network.  The  crystal  structure  of 
.  Cs2TtSi60i5  is  unique,  with  titanium  octahedra  and  silicon  tetrahedra  forming  an  open 
framework  structure  with  the  Cs  residing  in  large  cavities.  The  largest  covalently  bonded  ring 
opening  to  the  Cs  cavities  in  both  compounds  are  smaller  than  a  Cs  ion,  revealing  that  the  Cs  ion 
has  minimal  mobility  in  the  structure.  Cesium  leach  rates  for  both  compounds  are  lower  than  or 
comparable  to  borosilicate  glass. 

INTRODUCTION 

Plans  are  in  place  to  remove,  process  and  permanently  dispose  of  over  100  million  gallons 
of  nuclear  waste  that  is  temporarily  stored  in  underground  tanks  at  the  Department  of  Energy’s 
Hanford  site.  The  baseline  process  includes  separation  of  the  solid  and  liquid  components, 
removal  of  radioactive  species  such  as  Cs  and  Sr  from  the  liquid  waste,  and  disposal  of  the 
resulting  high  level  waste  by  dissolution  in  a  borosilicate  melt  to  form  high  level  waste  (HLW) 
glass.  A  promising  ion  exchanger  for  separation  of  Cs  and  Sr  from  tank  wastes  is  the  crystalline 
silicotitanate  (CST)  developed  at  Sandia,  Texas  A&M  and  UOP.l  However,  TIO2  present  in 
CSTs  is  only  scarcely  soluble  in  borosilicate  glass.  Analysis  of  the  process  flow  with  the  CST 
has  shown  that  the  total  amount  of  HLW  glass  produced  would  increase  .by  33%  as  a  result  of 
CST  dilution.  If  these  high  levels  of  dilution  are  required  to  stabilize  these  wastes,  the  resulting 
volume  of  high  level  borosilicate  waste  glass  can  increase  disposal  costs  by  billions  of  dollars.  A 
significant  reduction  in  waste  form  volume  can  be  realized  if  loaded  exchangers  are  thermally 
converted  to  a  glass  or  ceramic  waste  form  rather  than  diluted  in  borosilicate  glass.  Cs-loaded 
silicotitanate  ion  exchangers  contain  the  basic  ingredients  needed  to  form  a  ceramic  or  glass  at  high 
temperature. 

Researchers  at  PNNL  are  examining  the  feasibility  of  using  alternative  glass  or  ceramic 
waste  forms  with  compositions  similar  to  the  starting  loaded  ion  exchanger  for  containment  of 
Ti02-rich  wastes.  It  was  found  that  several  new,  unidentified  phases  precipitate  from  Cs-Ioaded 
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heat  treated  CSTs .2  Identification  and  characterization  of  all  these  phases  is  critical  so  that 
thermodynamics  and  geological  evidence  can  be  used  to  assess  long  term  stability  and 
compatibility  with  repository  conditions.  The  loaded  exchanger  represents  a  complicated 
chemical  mixture  containing  at  least  five  components,  CS2O,  Na20,  Ti02,  Si02,  and  a 
proprietaiy  component.  Although  the  phase  selection  in  the_Na20-Ti02-Si02  system  has  been 
characterized,  the  Cs20-TiC)2-Si02  phase  diagram  and  the  more  complicated  four  and  five 
component  systems  have  not  been  investigated.  Work  to  date  at  PNNL  has  concentrated  on 
identifying  the  high  temperature  phase  selection  and  properties  for  three  key  constituents  of 
silicotitanate  ion  exchange  waste;  CS2O,  Si02,  and  Ti02.  As  a  result  of  Cs20-Ti02-Si02  phase 
diagram  work,  two  new  compounds  with  zeolitic  structures  have  been  identified.  The  crystal 
structures,  chemical  durability  and  potential  of  these  two  new  phases  for  long-term  Cs 
containment  are  discussed. 

EXPERIMENT 

Powder  samples  of  CsTiSi206.5  were  prepared  using  a  sol  gel  synthesis  route.  Tetra- 
isopropyl  orthotitanate  (TIOT)  and  tetraethyl  orthosilicate  (TEOS)  were  mixed  in  inert 
conditions  then  CsOH,  water  and  ethanol  were  added  dropwise.  The  hydrolyzed  precursor  was 
mixed  for  a  minimum  of  15  hours,  then  dried  in  air  at  room  temperature.  The  amorphous, 
homogeneous  precursor  was  heat  treated  in  air  at  800®C  for  at  least  one  hour  to  form  crystalline 
CsTiSi206.5.  Crystalline  Cs2TiSi60i5  powder  was  made  by  melting  sol  gel  precursor  powders 
or  mixtures  of  CS2CO3,  Ti02  and  Si02  at  1200®C,  quenching  to  room  temperature,  mixing  with 
40  wt%  CsVOs  flux,  then  heat  treating  to  790°C  for  a  miiumum  of  50  hours.  Several  cycles  of 
grinding  and  heat  treatment  were  necessary  to  form  a  nominally  phase  pure  compound.  Residual, 
unreacted  CsVOj  flux  was  removed  by  washing  three  times  in  warm  water  at  90®C  for  10 
minutes  followed  by  centrifuging  to  separate  solids  from  the  liquid.  Despite  long  heat  treatment 
times  and  several  heating  and  grinding  cycles,  the  final  Cs2TiSi60i5  powder  contained 
approximately  10  wt%  of  urtidentified  crystalline  impurity  compounds. 

Single  crystals  of  CsTiSi206.5  and  Cs2TiSi60i5  were  grown  from  a  powdered  sample  of 
CsTiSi206.5  and  CsVOs  flux.  The  mixture  of  CsriSi206.5  and  CSVO3  was  placed  in  a  Pt  tube, 
sealed  at  both  ends,  then  heat  treated  in  a  vertical  tube  furnace  at  the  rate  of  50‘’C/hr  to  1 100®C, 
held  for  one  hour,  then  cooled  to  650*C  at  a  rate  of  l®C/hr.  After  dissolving  the  CSVO3  fliK  in 
warm  water,  a  mixture  of  crystals  including  CsTiSi206.5,  Cs2TiSi60i5,  mtile  and  cristobalite 
were  retrieved. 

The  Cs  leach  rate  was  measured  using  the  MCC— 1  and  the  product  consistency  test 
method  B  (PCT)  standard  leach  tests.  ForMCC-1,  heat  treated  pellets  were  suspended  on  a 
teflon  string  in  de— ionized  water  contained  in  a  teflon  container  for  the  leach  test.  After  the 
desired  time  at  a  constant  temperature,  a  sample  of  the  solution  with  a  known  volume  was 
analyzed  for  the  Cs  content  using  atomic  absorption  spectrometry  (AAS).  For  the  PCT  test, 
powder  samples  were  placed  in  a  teflon  container  in  de-ioitized  water  at  90  C  for  the  desired 
period  of  time.  The  leachate  solution  was  analyzed  for  Cs  concentration  using  AAS . 

X-ray  single  crystal  and  powder  diffraction  experiments  were  performed  to  elucidate  the 
crystal  structure  of  CsriSi206.5  and  Cs2TiSi60i5.  Additionally,  neutron  diffraction  expenments 
were  performed  on  CsTiSi206.5  in  order  to  determine  the  location  of  oxygen  positions  in  excess 
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of  those  predicted  by  the  pollucite  crystal  structure.  Details  of  the  data  collection  and  refinement 
procedures  for  neutron  powder,  single  crystal,  and  powder  diffraction  are  published  elsewhere.3,4 

RESULTS  AND  DISCUSSION 

Structure  of  CsTiSi206.5 

Powder  x-ray  diffraction  studies  show  that  CsTiSi206.5  is  a  derivative  of  the  cesium 
aluminosilicate  pollucite,  CsAlSi206,  with  titanium  replacing  aluminum.  The  compound 
crystallizes  with  the  symmetry  of  space  group  Ia3d  and  a  lattice  parameter  a— 13.8425. 

Titanium  and  silicon  are  disordered  on  the  48g  sites  of  the  cubic  space  group  similar  to  Si  and  A1 
in  pollucite.  The  substitution  of  ri+4  for  AI+3  in  pollucite  requires  a  mechanism  for  charge 
compensation,  such  as  the  presence  of  tri-valent  titamum  cations,  or  the  incoiporation  of  oxygen 
in  excess  of  six  atoms  per  formula  unit.  The  presence  of  Ti''"^  (resulting  in  stoichiometry 
CsTiSi206)  is  unlikely  since  the  compound  is  synthesized  in  air  at  SOO^C,  and  Ti'*'3  usually  only 
occurs  under  highly  reducing  conditions.  It  is  also  worth  noting  that  the  samples  have  a  white 
color,  typical  of  Ti4+  compounds.  In  addition,  x-ray  photoelectron  spectroscopy  and  Ti  x-ray 
absorption  near  edge  structure  (XANES)  studies  on  CsTiSi206.5  show  that  Ti  is  primarily  in  the 
Ti-^4  valence  state.4.5  Evidence  of  the  incorporation  of  excess  oxygen  as  a  charge  compensation 
mechanism  could  be  seen  by  Ti  XANES  and  Raman  spectroscopy  which  show  that  Ti  is  in  five 
fold  coordination  environment.^ 

Because  x-ray  diffiaction  is  relatively  insensitive  to  small  changes  in  oxygen  composition, 
neutron  diffraction  measurements  were  made  using  the  high  resolution  powder  diffractometer  at 
the  National  Institute  of  Standards  and  Technology  reactor  to  confirm  the  presence  of  excess 
oxygen  and  to  determine  their  positions.  These  experiments  revealed  the  presence  of  eight 
additional  oxygens  per  unit  cell  of  silicodtanate  pollucite  (Z=16).4  The  “extra  oxygens  are 
distributed  randomly  over  two  partially  occupied  general  sites  designated  0(2)  and  0(3).  On 
average  the  0(2)  site  is  occupied  by  0.06  atoms  and  the  0(3)  site  is  occupied  by  0.023  atoms.  As 
a  consequence  of  the  presence  of  “extra”  oxygen,  the  average  coordination  of  the  central  Cs  cation 
becomes  thirteen-fold,  rather  than  twelve-fold  as  in  CsAJSi206  pollucite.  In  addition ,  when  one 
of  the  ‘extra’  sites  is  occupied  by  an  oxygen,  the  coordination  of  the  neighboring  tetrahedral 
cations  becomes  five-fold.  In  the  case  where  an  excess  oxygen  coordinates  a  tetrahedral  site,  it  is 
assumed  that  the  neighboring  tetrahedra  are  occupied  by  titamum,  rather  than  silicon,  based  on 
ionic  radii  considerations  and  on  experimental  XANES  results  that  show  Ti(5).  Although  no 
ordering  on  Ti  on  the  48g  site  could  be  detected  by  single  crystal  x-ray  or  neutron  diffraction,  it  is 
suspected  based  on  stoichiometry  (Ti:excess  oxygen  is  2:1)  and  on  the  fact  that  no  Ti(4)  could  be 
conclusively  identified  by  XANES  or  Raman  spectroscopy,  that  randomly  distributed  pairs  of  Ti 
ions  share  the  excess  oxygens.  The  crystal  structure  of  CsTiSi206.5  viewed  along  [1 1 1]  is  shown 
in  Figure  la,  and  Figure  lb  shows  one  of  the  excess  0(2)  oxygen  positions  and  bond  distances 
with  respect  to  neighboring  Ti/Si  and  Cs,  The  netwqrk  structure  consists  of  interconnected  rings 
containing  four  and  six  polyhedra.  The  Cs  resides  in  cages  that  are  bound  by  two  six-rings  and^ 
that  form  channels  along  the  non-intersecting  three-fold  symmetry  axis  and  are  joined  together  m 
the  <1 10>  directions. 
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Figure  1.  a.)  View  down  the  <1 1 1>  of  the  Cs  cages  in  CsTiSi206.5.  Cs  cages  are  formed  by  rings 
of  four  and  six  Si/Ti  polyhedra  and  Cs  ions  are  coordinated  by  13  oxygen  ions,  b.)  Local  view  of 
the  coordination  environment  around  a  tetrahedral  site  with  an  0(2)  site  rilled. 


Structure  of  CsiTiSieOis 

The  compound  CsiTiSieOis  has  a  new  crystal  structure,  unrelated  to  any  known 
compounds.  Cs2TiSi60i5  crystallizes  with  monoclinic  symmetry  and  space  group  C2/c,  with  a— 
13.386  A,  b=  7.423  A,  c  =  15.134  A,  P  =  107.71®  and  Z=4.^  The  structure  consists  of  comer 
shared  titanium  octahedra  and  silica  tetrahedra  that  form  an  open  framework.  The  titanium 
octahedra  are  isolated  by  silica  tetrahedra  resulting  in  a  local  bonding  configuration  that  consists 
of  only  of  Ti-O-Si  and  Si-O-Si  type  bonds.  Similar  to  pollucite,  the  Cs  ions  reside  in  large  cages 
formed  by  the  tetrahedral  and  octahedral  linkages.  The  topology  of  the  cage  around  the  Cs  can  be 
described  by  interconnecting  rings  of  polyhedra  consisting  of  one  three  ring,  three  five-rings,  two 
six-rings  and  two  eight-rings.^  A  view  down  the  b  axis  that  clearly  shows  the  five  and  six  rings  is 
shown  in  Figure  2a.  It  can  also  be  seen  in  Figure  2a  that  titanium  octahedra  are  isolated  by  Si207 
groups  and  that  the  Cs  ions  form  rows  along  the  [101].  Figure  2b  shows  a  view  of  the  Cs  ions 
looking  down  the  [101].  The  cavities  that  contain  the  Cs  ions  have  large  apertures  normal  to  the 
[101]  formed  by  two  different  type  of  ellipsoidal  8-rings.  In  the  first  type  of  8-ring  there  are  two 
titanium  octahedra  and  six  silica  tetrahedra  and  in  the  second  type  of  8-ring  there  are  six  silica 
tetrahedra.  The  average  coordination  of  the  central  Cs  ion  is  ten. 

Chemical  Durability 

Among  the  important  criteria  that  a  nuclear  waste  form  must  satisfy  to  be  suitable  for 
long-term  storage  are  low  solubility  and  low  Cs  leach  rate*  The  crystal  stmctures  of  boA 
silicotitanate  pollucite  and  Cs2TiSi60i5  indicate  that  the  Cs  ion  will  have  low  mobility  in  the 
structure  which  in  turn  should  result  in  a  low  Cs  leach  rate.  The  Cs  ion  in  silicotitanate  pollucite 
is  in  cages  where  the  maximum  opening  to  the  cage  is  defined  by  a  6-ring.  Assuming  2.7A  as  the 
diameter  of  the  oxygens  lining  the  iimer  peripheries  of  the  6-ring,  the  maximum  opening  size  of 
this  ring  (in  an  ideal  planar  configuration)  is  2.7A,  which  is  considerably  smaller  than  a  Cs  ion 
(diameter  of  at  least  3.5  A).  Early  investigations  of  the  aluminosilicate  pollucite  isomorph  of 
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Figure  2.  a.)  View  of  the  Cs2TiSi60i5  structure  down  the  b  axis  showing  the  5-  and  6-rings  of 
silicon  tetrahedra  and  titanium  octahedra.  b.)  View  of  Cs2TiSi60i5  down  the  <101>  showing 
ellipsoidal  rings  of  eight  polyhedra. 

CsriSi206.5  show  that  it  has  high  Cs  leach  resistance,  exhibiting  aqueous  leach  rates  from  5J  x 
1(H  g  m-2  d-l  to  3  g  m-2  d-i  7-9  While  incorporation  of  excess  oxygen  into  CsTiSi206,5  as 
compared  to  CsAlSbOe  influences  local  bonding  configurations,  the  long  range  crystal  structure 

and  predicted  Cs  mobility  remain  largely  imchanged. 

The  largest  apertures  in  the  Cs  cavity  in  Cs2TiSi50i5  are  two  eight  rings  formed  by  eight 
silica  tetrahedra  (8T)  or  by  two  Ti-octahedra  and  six  tetrahedra  (20  +  6T).  Based  on  an  oxypn 
diameter  of  2.7A  the  opening  size  of  the  elliptical  8T  ring  is  1.8  x  4.2  A  and  that  of  the  elliptical 
20  +  6T  ring  is  2.5x4.8  A.*®  Therefore,  the  Cs  ions  can  not  move  freely  along  the  channels,  and 
the  compound  is  expected  to  have  a  relatively  low  Cs  leach  rate. 

Cs  leach  rate  experiments  on  silicotitanate  pollucite  and  Cs2TiSi60i5  support  crystal 
structure  predictions  of  low  Cs  leachability.  The  equivalent  14  day  leach  rates  normalized  to  the 
surface  area  are  1.8  g  for  CsriSi206.5  (MCC-1)  and  1.47x10-5  g  m-2  d-i  for  Cs2TiSi60i5 

(PCT)  Table  1 .  The  leach  rates  for  silicotitanate  pollucite  are  comparable  to  hot  pressed 
CsAJSi206  (3  g  m-2  d-i  at  100°C)  where  a  SoxUet  type  apparatus  and  geometric  surface  area 
were  used  to  measure  leach  rate.9  Values  of  the  normalized  leach  rate  of  CsTiSi206.5  may  be 
unrealistically  high  because  the  geometric  surface  area  used  in  the  MCC-1  static  leach  test  did  not 
reflect  the  true  surface  area  of  the  sample.  The  sample  pellet  of  silicotitanate  pollucite  was^  only 
60%  of  theoretical  density  so  that  a  large  amount  of  surface  area  in  the  form  of  open  porosity 
was  not  accounted  for.  The  surface  area  of  the  powder  Cs2TiSi60i5  used  for  the  PCT  test  was 
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measured  using  a  He  expansion  ratio,  a  much  more  accurate  meastirement  The  fractional  Cs 
release,  Fr%,  which  reflects  the  portion  of  the  total  Cs  released  from  the  sample  without 
normalizing  to  the  surface  area  is  similar  for  both  materials  (Table  I).  It  is  worth  noting  that  the 
MCC-1  leach  test  typically  yields  conservative  durabilities  because  solution  concentrations  of 
elements  are  comparatively  low  and  leaching  continues  during  the  entire  leach  period.  On  the 
other  hand,  PCT  tests  typically  have  high  solution  concentrations  of  leached  elements  which  can 
act  to  reduce  dissolution  rates  and  yield  higher  durabilities.  In  the  case  of  Cs2TiSi60i5  the  Cs 
concentration  in  the  PCT  solution  was  extremely  low.  PCT  and  MCC-1  tests  are  planned  on 
CsTiSi206.5  and  Cs2TiSi60i5  respectively  so  that  a  direct  comparison  of  the  durabilities  can  be 
made. 

Table  I:  Cumulative  Cs  leach  rates  and  fractional  Cs  release  for  CsTiSi206.5  and  Cs2TiSi60i5. 


Time  (days) 

CsTiSi206  5  MCC-1 

Cs2TiSigO,5PCT 

Leach  Rate 
(g  m-2  d-i) 

Cs  Fr% 

Leach  Rate 
(g  m-2  d-i) 

CsFr% 

1 

4.0 

0.41 

0.91 

2 

2.73 

0.69 

2.3  X  10^ 

1.17 

3 

2.3 

0.93 

l.lxlCH 

1.29 

4 

- 

- 

6.8  X  10-5 

1.36 

6 

1.83 

1.5 

- 

- 

7 

-  ■ 

- 

3.84  X  10-5 

.  1.49 

9 

1.69 

2.0 

- 

- 

10 

1.66 

2.17 

- 

- 

13 

1.49 

2.57 

- 

- 

14 

- 

- 

1.47  X  10-5 

1.6 

The  utility  of  CsTiSi206.5  and  Cs2riSi60i5  as  waste  forms  for  Cs  containment  can  be 
estimated  by  comparing  the  Cs  leach  rates  to  borosilicate  glass;  the  baseline  wasteform  for  high 
activity  waste.  The  Cs  leach  rate  using  a  static  leach  test  similar  to  MCC-1,  of  a  borosilicate 
waste  glass  simulant ,  R7T7,  is  0.16  g  var^  d*^  after  14  days.^o  The  14  day  leach  rate  of 
CsTiSi205.5  (1.8  g  m-2d-i )  is  higher  than  the  borosilicate  simulant,  whereas  that  of  Cs2TiSi60i5 
(5x10-^  g  d-t)  is  four  orders  of  mapdtude  lower.  These  results  suggest  that  Cs2TiSi60i5 
would  serve  as  an  excellent  wasteform.  Although  the  Cs  leach  rate  of  CsTiSi206.5  is  somewhat 
higher  than  borosilicate  glass  it  is  within  the  necessary  durability  range,  and  further  leach  tests  on 
this  compound  using  an  exact  surface  area  determination  are  warranted.  It  is  worth  noting  that 
the  Cs  content  and  total  alkali  content  of  R7T7  (1.42  wt%  and  13.26  wt%)  are  much  lower  than 
the  Cs  content  of  CsTiS^Osj  (42  wt%  or  14  mol%  CS2O)  and  Cs2TiSi60i5.(39  wt%  or  12.5 
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mol%)  .10  At  very  high  alkali  contents,  similar  to  the  silicotitanate  zeolites,  the  durability  of  most 
silicate  glasses  is  greatly  diminished.  For  example,  the  leach  rate  of  a  silicate  glass  that  contains 
15  mol%  potassium  is  8  g  m-2  d-i  at  From  these  results,  a  silicate  glass  with  14  mol% 

CS2O  (28  moI%  Cs)  is  estimated  to  exhibit  leach  rates  as  high  as  15  g  m-2d-i. 

CONCLUSIONS 

Both  CsTiSbOej  and  Cs2TiSi60i5  have  unique  crystal  structures  where  the  Cs  ^psides  in 
cages  formed  by  rings  of  comer  sharing  silica  and  titania  polyhedra.  The  largest  ring  opening  size 
in  both  structures  is  smaller  than  the  effective  ionic  diameter  of  a  Cs  ion,  indicating  that  Cs  has 
limited  mobility  in  the  stmcture.  The  rate  of  Cs  release  from  CsTiSi206.5  is  higher  than 
CszTiSifiOis,  however,  the  preliminary  leach  rate  results  indicate  that  both  materials  may  act  as 
suitable  waste  forms  for  Cs  containment. 
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Abstract 

The  structure  of  the  siUcotitanate  CsTiSi206.5  has  been  analyzed  with  neutron  powder 
and  x-ray  single  crystal  difeaction  techniques.  The  compound  crystallizes  with  the  symm^ 
try  of  space  group  Ia2d  and  lattice  parameter  a^l3.8417(7)A.  There  are  sixteen  ^  ^ 
units  in  the  unit  cell.  The  basic  structure  of  the  silicotitanate  is  similar  to  that  of  poUuate 
Td  of  a  fcame»=rk  of  comer  sharing  MO,  tatrahadra  (M=l/3  Ti+  2/3  Sj)  formmg 

large  voids  in  which  the  Cs+  cations  are  located.  Titanium  and  silicon  are  disordered  over 
the  485  sites  of  the  cubic  space  group.  Compared  to  pollucite,  there  are  eight 
atoms  in  the  unit  cell.  These  atoms  partially  occupy  two  sets  of  general  sites  and  are  bonded 
to  both  the  cesium  and  the  M  cations  of  neighboring  tetrahedra. 
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1  INTRODUCTION: 


The  discovery  of  silicotitante  ion  exchangers  for  removal  of  Cs  from  radioactive,  Na-ach  wastes 
has  stimulated  research  efforts  in  the  preparation  and  characterization  of  new  siHcotitanate  ma¬ 
terials  (1, 2] .  One  of  the  new  compounds  recently  synthesized  is  a  derivative  of  the  cesium  alumi¬ 
nosilicate  poUucite,  CsAlSi^Oe.  in  which  the  TU+  replaces  [3,4] .  This  substitution  requires 
a  mechanism  for  charge  compensation,  -such  as  the  presence  of  tri-valent  titanium  cations,  or 
the  incorporation  of  oxygen  in  excess  of  six  atoms  per  formula  unit  into  the  structure.  X-ray 
-  photoelectron  spectroscopy  and  electron  paramagnetic  resonance  measurements  show  that  Ti  is 
primarily,  in  the  Ti"*"^  state,  therefore  eliminating  the  possibility  of  Ti^"*"  substitution  for  A1 
Ti  x-ray  absorption  near  edge  structure  and  raman  spectroscopy  results  indicate  that  the  Ti  ex¬ 
ists  in  5-fold  coordination  with  oxygen  [5] .  Therefore,  it  is  hypothesized  that  the  mechanism  of 
charge  compensation  is  incorporation  of  excess  oxygen  into  the  polludte  structure  resulting  m 

the  stoichiometry  CsTiSi206.s- 

Neutron  powder  and  x-ray  single  crystal  diffraction  experiments  presented  herein  were  under¬ 
taken  in  order  to  elucidate  the  complete  crystal  structure,  and  m  particular,  to  determine  the 
location  of  extra  oxygen  in  the  unit  cell  of  CsTiSi206.5.  Based  on  the  atomic  scattering  amplitudes 
for  neutrons,  neutron  diffraction  analysis  is  expected  to  clarify  oxygen  positions.  X-ray  diffrac¬ 
tion,  on  the  other  hand,  is  relatively  insensitive  to  smaU  changes  in  the  oxygen  position,  but  can 
more  precisely  measure  the  cation  positions  and  temperature  factors.  A  complete  descnption 
of  the  structure  and  clarification  of  the  cation  environments  wiU  facihtate  the  determmation  of 
structure-property  relationships  and  the  development  of  new  materials  with  tailored  properties. 
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2  EXPERIMENTAL 


A.  Preparation  of  the  sample.  , 

Crystalline  CsTiSi206.5  was  prepared  via  a  sol-gel  processing  route.  First,  an  amorphous, 
homogeneous  precursor  was  synthesized  using  tetra-isopropyl  orthotitanate  (TIOT),  tetraethyl 
orthosilicate  (TEOS),  and  cesium  hydroxide.  The  alkoxides  were  mixed  in  a  glove  bag  under 
nitrogen  and  then  a  mixture  of  CsOH,  water  and  ethanol  was  added.  The  resulting  hydrolyzed 
precursor  was  stirred  for  a  minimum  of  15  hours,  then  dried  in  air  at  room  temperature.  X- 
ray  diffraction  and  TEM/EDS  analysis  showed  that  the  precursor  was  both  homogeneous  and 
amorphous.  Approximately  0.5  grams  of  this  material  was  then  heat  treated  in  a  platinum  crucible 
in  air  to  produce  crystalline  CsTiSi206.5- 

Two  heat  treatment  schemes  were  applied  to  the  precursor.  In  the  first,  the  material  was 
heated  from  room  temperature  to  SOO^C  at  the  rate  of  5°C/mih.,  then  held  at  800  C  for  at  least 
one  hour.  In  this  procedure,  the  onset  of  the  formation  of  crystalline  CsTiSi206.5  was  observed 
at  750°  C  and  full  crystallization  occurred  at  800°  C.  Upon  further  heating  the  sample  melted  at 
980°C.  In  the  second  scheme,  the  stoichiometric  precursor  was  melted  at  1200°C,  then  quenched  to 
form  a  clear  glass.  The  quenched  glass  was  then  ground  to  fine  powder  and  heat  treated  at  800°C 
for  30  hours.  Both  these  methods  produced  the  same  crystallized  material.  The  sample  used  m 
the  neutron  diffraction  experiment  was  produced  with  the  first  scheme  previously  described. 

Single  crystals  of  CsTiSi206.5  were  grown  from  a  powdered  sample  of  the  compound,  using 
CsVOa  as  a  flux.  A  mnrture  of  CsTiSi206.3  and  CsVOa  was  placed  into  a  Pt  tube,  which  was  then 
sealed  at  both  ends  and  heated  in  a  vertical  tube  furnace  at  the  rate  of  50° C/hr  to  1100° C,  held 
for  one  hour  at  this  temperature,  then  cooled  to  650°  C  at  the  rate  of  1  C/hr,  and  finally  cooled 
to  room  temperature.  The  flux  was  dissolved  in  warm  H2O  and  crystals  of  the  title  compound 
were  isolated  from  a  mixture  of  phases  comprising  Ti02,  cristobalite  and  a  new  Cs-Ti  silicate. 
Samples  of  quality  suitable  for  single  crystal  work  were  selected  using  a  polarising  microscope. 
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B.  Data  collection  and  refinement  of  the  structure 


The  neutron  powder  diffraction  measurements  were  made  ydth  the  new  high-resolution  powder 
diffractometer  at'  the  National  Institute  of  Standards  and  Technology  reactor,  using  the  experi¬ 
mental  conditions  listed  in  Table  1.  The  profile  refinements  were  carried  out  using  the  General 
Structure  Analysis  System  (GSAS)  Program  of  Larson  and  Von  Dreele  [6].  The  observed  diffrac- 
tion  lines  could  be  readily  indexed  in  terms  of  a  cubic  unit  cell  of  lattice  parameter  close  to  that 
reported  for  cubic  poUucite  [7-9],  giving  a  strong  indication  that  the  structures  of  CsTiSiaOe.s 
and  CsAlSi206  are  basically  the  same.  A  few  very  weak  extra  reflections  present  in  the  powder 
pattern  could  not  be  indexed  in  terms  of  any  of  the  derivative  lattices  of  the  cubic  cell  and  were 
therefore  attributed  to  impurities  in  the  sample  and  excluded  from  all  subsequent  calculations. 

-  first  struct'ural  refinement  was  earned  out  ass'uming  the  cubic  atomic  arrangement  of  pollu- 
cite,  with  the  Ti'^^  and  Si'‘+  cations  disordered  over  the  sites  48^  of  space  group  laZd,  Cs+  located 
in  166,  oxygen  in  the  general  position  96/i,  and  ignoring  the  presence  of  the  extra  oxygen  atoms  in 
the  structure.  This  first  set  of  calculations  gave  reasonable  agreement  between  observed  and  cal¬ 
culated  intensities  and  acceptable  bond  distances,  thus  confirming  the  previous  observation  that 
‘the  structure  of  the  title  compound  is  indeed  similar  to  that  of  poUucite.  Attempts  were  made 
to  refine  models  based  on  the  symmetry  of  space  groups  /4i/ acd  and  /4i/a  in  which  the  sites 
48^  of  the  Ti‘^+  and  Si‘‘+  cations  are  split,,  thus  providing  the  possibility  for  the  ordering  of  these 
cations.  Refinements  based  on  these  models  were  unsuccessful,  due  to  high  correlations  between 
the  parameters  varied  in  the  refinement.  These  results  further  confirm  the  cubic  symmetry  of  the 
sample  used  in  the  experiment. 

The  additional  eight;  oxygen  atoms  contained  in  the  unit  ceU  of  the  title  compound  can  be 
distributed  over  any  of  the  positions  available  in  space  group  laSd.  Special  position  24c  (^,^,0) 
(which  was  found  to  be  partiaUy  occupied  by  Na+  cations  in  the  structure  of  Csi2Na4Ali6Si32096*4H20, 
[7])  is  an  unlikely  site  for  the  extra  oxygen  because  it  results  in  unreaUsticaUy  short  Cs-0  distances 
of  about  2.45A.  Not  surprisingly,  a  refinement  of  this  modd  gave  agreement  factors  between  ob¬ 
served  and  calculated  intensities  not  significantly  different  from  those  obtained  for  the  model  with 
Os  stoichiometry  (Table  2),  and,  more  importantly,  attempts  to  refine  the  occupancy  of  the  extra 
oxygen  atoms  resulted  in  negative  values  of  the  occupancy  factor.  The  position  24d  (|,  |.0)  was 
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eliminated  because  of  similar  crystal-chemical  arguments  and  because  of  unsatisfactory  refinement 
results. 

In  order  to  determine  possible  locations  of  the  extra  oxygen  atoms,  a  Fourier  difference  map 
was  calculated  after  the  refinement  of  the  structural  model  in  which  these  atoms  had  not  been 
included.  Of  the  several  weak  peaks  present  in  the  map,  only  two  gave  acceptable  Cs-0  and 
M-0  distances  (M=l/3  Ti  -h  2/3  Si).  These  were  located  in  general  positions  with  approximate 
coordinates  x,  y,  z  equal  to  0.79,  0.21,  0.24  and  0.71,  0.06,  0.02.  Refinements  of  models  in 
which  the  atoms  were  located  in  only  one  of  these  two.  positions,  gave  agreement  factors  not 
significantly  different  for  the  two  cases  (Table  2),  indicating  that  neither  set  of  coordinates  can  be 
excluded  a  priori  from  the  structural  model.  For  this  reason  both  positions  were  retained  in  the 
subsequent  calculations,  and  the  extra  oxygen  atoms  were  distributed  uniformly  over  the  two  sets 
of  sites.  Since  the  M  cations  (M=l/3  Ti  4-  2/3  Si)  have  a  low  value  of  the  scattering  amplitude 
compared  to  Cs  and  O  (b(M)=0.l62  x  IQ-^^cm),  their  positional  parameters  and  temperature 
factor  could  only  be  determined  with  low  precision  from  the  neutron  powder  pattern.  For- this 
reason  it  was  decided  to  refine  the  structure  also  using  x-ray  single  crystal  intensity  data.  The 
x-ray  intensities  were  measured  with  CAD4  diffractometer,  using  the  conditions  listed  in  Table  3*. 
Twenty  five  reflections  with  IT  <9  <  19*  were  employed  in  the  least  squares  determination  of  the 
lattice  constant.  Crystal  stability  and  orientation  were  monitored  throughout  the  experiment  by 
periodically  checking  the  intensities  of  sbc  standard  reflections.  The  raw  intensities  were  corrected 
for  Lorentz  and  polarization  effects,  and  the  absorption  correction  was  evaluated  with  the  psi 
absorption  scheme.  The  initial  parameters  used  in  the  x-ray  refinem-ents  were  those  obtained  . 
previously  in  the  neutron  experiment.  The  initial  structural  model,  which  did  not  include  the 
extra  oxygen  atoms,  yielded  a  value  of  the  R  factor  of  3.4%,  confirming  again  the  general  features 
of  the  structure.  When  the  extra  oxygen  was  included  at  the  positions  determined  from  the 

neutron  data,  this  value  slightly  decreased  to  3.2%. 

- The  results  from  the  final  x-ray  and  neutron  refinements  are  given  in  Table  4  together  with 

the  relevant  bond  distances.  The  agreement  between  observed  and  calculated  neutron  intensities 

is  shown  in  the  plot  of  Fig.  1. 

‘The  purpose  of  identifying  this  equipment  in  this  article  is  to  specify  the  experimental  procedure.  S 
tification  does  not  imply  recommendation  or  endorsement  by  the  National  Institute  fo  Standards  and  T  ^  . 
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3  DISCUSSION 


The  structural  parameters  listed  in  Table  4  show  that  all  the  atoms  in  the  structure  of 
CsTiSi206  5  have  unusually  high  temperature  factors.  This  result  is  not  surprising,  since  the 
presence  of  eight  extra  oxygen  atoms  in  the  umt  cell,  combined  with  the  disordering  of  the  Si 
Ti‘‘+  cations  over  the  same  crystallographic  sites  is,  in  general,  associated  with  local  shifts  of  some 
of  the  atoms  and,  consequently,  with  high  thermal  parameters.  Similar  results  have  been  reported 
previously  for  compounds  with  similar  structures.  In  the  case  of  Csi2Na4Ali6Si32096-4H20,  water 
molecules  and  Cs+  cations  are  disordered  over  the  same  crystaUographic  sites  [7].  In  our  case, 
the  presence  of  water  in  the  structure  can  be  excluded  since  the  neutron  powder  pattern  does  not 
show  abnormally  high  background. 

The  oxygen  atoms  0(1)  form  a  network  of  comer-sharing  tetrahedra  practicaUy  identical  to 
the  one  described  for  poUucite  (7, 8] .  The  configuration  of  the  tetrahedra  in  the  immediate  vicinity 
of  a  central  cesium  atom  is  schematicaUy  represented  in  Figure  2  in  projection  along  the  [ill]  axis 
of  the  cubic  unit  cell.  As  indicated  in  the  figure,  six-membered  loops  of  tetrahedra  form  channels 
along  the  [111]  direction  (as  well  as  along  the  other  three-fold  axes),  with  the  Cs+  cations  located 
in  the  channels  and  bonded  to  twelve  0(1)  oxygen  atoms  with  distances  of  3.424(4)  and  3.573(4)A. 
These  bond  distances,  as  well  as  the  M-0  separations  reported  in  Table  4,  agree  very  closely  with 
the  corresponding  values  reported  for  poUucite  [7].  The  distribution  of  the  0(2)  atoms  around 
cesium  is  iUustrated  in  Figure  3,  and  the  environment  of  one  of  these  atoms  is  shown  in  greater  . 
detaU  in  Figure  4,  whete  the  Cs-0(2)  and  M-0 (2)  distances  are  also  indicated.  We  have  to  point 
out,  however,  that  the  distances  reported  in  Table  4  represent  average  values  and  that,  on  a  local 
level,  these  separations  may  be  significantly  different  due  to  shifts  of  the  atoms  involved  in  the 
bonding.  It  is  reasonable  to  assume  that  a  site  0(2)  is  occupied  by  an  oxygen  atom  only  when 
the  centers  of  neighboring  tetrahedra  are  occupied  by  titanium,  rather  than  siHcon.  This  is  m 
agreement  with  ^^Si  NMR  Studies  and  Ti-EXAF  results  pubUshed  elsewhere  which  show  that 
both  four  and  five-coordinated  Ti  is  present  in  the  structure  [5,  10].  The  0(3)  sites  are  clustered 
above  and  below  the  cesium  along  the  three-fold  axes,  as  shown  in  Figure  5,  and  form  rings  within 
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which  0(3)-0(3)  separations  are  as  short  as  O.SA.  Consequently,  only  one  atom  of  oxygen  can  be 
present  in  each  ring,  located  on  any  one  of  the  available  sites.  The  distances  reported  in  Table  4 
show  that  0(3)  has  strong  bond  with  cesium  and  a  weak  bond  with  M.  As  a  consequence  of  the 
presence  of  extra  oxygen  in  the  unit  ceU  of  CsTiShOe.s,  the  average  coordination  of  the  central 
Cs+  cation  is  thirteen-fold,  rather  than  twelve-fold  as  in  pollucite.  In  addition,  when  an  0(2)  site 
is  occupied  by  oxygen,  the  coordination  of  the  M  cations  located  at  the  centers  of  the  neighboring 

tetrahedra  is  five-fold,  rather  than  four-fold,  as  shown,  in  Figure  4. 

Some  0(l)-0(2)  and  0(l)-0(3)  distances  in  this  structure  are  unreasonably  short  (of  the  order 
of  1.7-1.8A).  Since  the  0(1)  position  is  fully  occupied,  this  means  that  not  aU  the  0(2)  and  0(3) 
sites  are  available  to  the  extra  oxygen  atoms.  This  may  result  in  ordering  of  the  oxygen  vacancies, 
and  possibly,  lowering  of  the  structural  symmetry.  As  mentioned  previously,  however,  the  thermal 
parameters  obtained  in  the  refinement  indicate  that  large  distortions  are  possible,  with  some  of 
the  atoms  locally  shifted  from  their  average  positions  by  about  O.SA.  It  is  the  existence  of  these 
shifts  that  makes  the  positions  given  in  Table  4  for  0(2)  and  0(3)  acceptable  as  possible  locations 
of  the  extra  oxygen  in  the  tonit  cell. 
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5  Figure  Captions 


Fig.  1.  Observed  (crosses)  and  calculated  (continuous  line)  intensities  in  the  neuron  powder 
pattern  of  CsTiSi206.5.  The  difference,  I(obs)-I(cal),  is  shown  in  the  plot  in  the  lower  part  of 
figure.  The  short  vertical  lines  mark  the  20  angles  of  the  Bragg  reflections.  The  three  angular 
intervals  with  no  data  shown,  are  the  regions  affected  by  weak  peaks  attributed  to  impurities  in 
the  sample.  These  regions  were  excluded  in  the  refinement. 

Fig.  2.  Yiew  along  one  of  the  <111>  axes  of  the  distribution  of  the  MO4  tetrahedra  around 
a  Cs+  cation.  The  oxygen  atoms  0(1)  bonded  to  the  cesium  are  indicated  by  the  Cs-0  fines, 

Fig.  3.  Locations  of  the  0(2)  oxygen  atoms  (hatched  circles)  around  a  Cs'‘’s  cation.  This 
figure  is  a  projection  along  one  of  the  three-fold  axes.  On  the  average,  each  0(2)  site  is  occupied 

by  0.063  atoms. 

Fig.  4.  Environment  of  one  of  the  0(2)  extra  oxygen  (the  atom  represented  in  this  figure  is 
the  one  identified  by  and  arrow  in  Figure  3). 

Fig.  5.  Distribution  of  the  0(3)  sites  around  a  central  Cs'^  cation.  The  two  0(3)  rings  are 
located  above  and  below  the  cesium.  On  average  each  0(3)  site  is  occupied  by  0.023  atoms. 
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Table  1.  Collection  of  neutron  powder  diffraction  data. 


Monochromatic  beam: 
Wavelength: 

Horizontal  divergences: 

20  angular  range: 

Scattering  amplitudes  cm): 


311  reflection  of  a  Cu  monochromator 
1.5396  A 

15',  20,  7'  of  arc  for  the  inpile,  monochromatic,  and 
diffracted  beam  coUimators,  respectively 
3  — 168°,  steps:  0.05° 

b(Cs)=0.542,  b(Si)=0.415,  b(Ti)=-0.344,  and 
b(O)=0.581 
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Table  2.  RefinemenL  in  different  stnjctural  models. 


No  extra 

Extra  0  at 

Extra  0  at 

0(3) 

0(2) 

0(3)+0(2) 

oxygen 

(1/4, 1/8,0) 

(3/4, 1/8,0) 

Rp 

6.70 

6.52 

6.25 

6.03 

5.73 

5.66 

Rwp 

7.75 

7.62 

7.41 

7.07 

6.90 

6.79 

1.38 

1.33 

1.26 

1.15 

1.09 

1.06 

a  (A) 

13.8418(8) 

13.8418(7) 

13.8417(7) 

13.8418(7) 

13.8417(7) 

13.8417(7) 

Table  3.  Crystal  data  and  suraraaiy  of  intensity  data  collection  and  structure  refinemenn 


Color 

Colorless 

Formula  weight 

340.97 

Temp.,  ®C 

»25 

Radiation,  graphic  monochromator 

Mo,  0.71073 

Crystal  dimensions,  mm 

0.12x0.10x0.06 

Crystal  data 

Space  group 

Ia3d 

Cell  constants*,  A 

13.8359(14) 

Formula  units/unit  cell 

16 

Data  Collection 

Total  reflections  measured 

3598 

Independent  reflections 

703 

Observed  reflections* 

158 

6  range,  ° 

28 

Range  of  transm.  factors,**  % 

82.4  to  100,  Ave. 

Refinements 

R=I:IIFo1-IFc1I/SIFoI 

0.032 

0.048 

No.  parameters  varied 

13 

Weights** 

'  non-Poisson,  p=0, 

Extinction  coefficient 

1.279x10-'^ 

GOF 

Largest  shift/error 


+  CAD4  operation  manual,  Enraf-Nonius,  Delft,  The  Netherlands  (1977). 

**  Molen,  Structure  solution  package  provided  by  Enraf-Nonius,  Inc.  (1991).  Scattering  factors 
from:  D.T.Gromer  and  J.T.Waber,  International  Tables  for  x-ray  CrystaUography,  Vol.  IV. 
The  Kynoch  Press,  Birmingham,  UK  (1974). 


27 


Table  4.  Structural  parameters  and  selected  bond  distances  (A)  of  Cs’iiSi2065  at  295  K. 

Space  group:  I^d,  neutron(first  line)  a=13.8417(7)  A,  x-ray(second  line)  a=13.8359(14)A,  z=16. 


Atom 

Site 

X 

y 

z 

B(A2) 

Occup. 

Cs 

16b  .  32 

1/8 

It 

1/8 

It 

.  1/8 

If 

4.0(2) 

3.645(7) 

1 

If 

Ti 

48g  . .  2 

0.661(1) 

0.6639(2) 

0.589(1) 

0.5861(2) 

1/8 

If 

6.3(5) 

2.85(4) 

1/3 

It 

Si 

48g  . .  2 

0.661(1) 

0.6639(2) 

0.589(1) 

0.5861(2) 

1/8 

ft 

6.3(5) 

2.85(4) 

2/3 

It 

0(1) 

96h  1 

(Bdl) 

[8.8(3) 

'  0.1042(3) 
0.1047(5) 
B(22) 

810(3) 

0.1349(3) 

0.1353(5) 

B(33) 

4.2(2) 

0.7175(3) 

0.7171(7) 

B(12) 

1.6(2) 

6.3(2) 

B(13) 

1.6(2) 

1 

1 

B(23)] 
0.5(2)]  . 

0(2) 

96h  1 

0.706 

0.062 

If 

0.021 

It 

4.8 

It 

0.060(4) 

It 

0(3) 

96h  1 

0.791 

ti 

0.205 

If 

'  0.235 

If 

4.8 

It 

0.023(4) 

H 

Rp=5.66,  R^p=6.80,  x2=i.06. 
Selected  bond  distances  (A) 


Cs  — 0(1) 

X  6 

3.424(4) 

3.427(9) 

Cs  — 0(1) 

X  6 

3.573(4) 

3.564(8) 

Cs  — 0(2) 

.3.17 

'  It 

Cs  — 0(2) 

4.03 

It 

Cs  — 0(3) 

3.03 

It 

Cs  — 0(3) 

3.20  .  - 

Ti/Si- 0(1)  x2 

1.70(1) 

1.67(1) 

Ti/Si  — 0(1)  x2 

1.63(1) 

1.66(1) 

Ti/Si— 0(2) 

2.00 

2.01 

Ti/Si  — 0(2) 

2.14 

2.13 

Ti/Si  — 0(2) 

2.37 

2.33 

Ti/Si— 0(3) 

2.31 

2.33 

Ti/Si  — 0(3) 

2.46 

2.46 
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Section  Ic 


The  Crystal  Structure  of  CsTiSigOij 


The  Crystal  Structure  of  Cs2TiSi60i5 


l.E.  GREYC),  R.S.  R0TH(2)  and  M.L.  BALMER(3) 


(1)  CSIRO  Division  of  Minerals,  Melbourne,  Australia 

(2)  National  Institute  of  Standards  and  Technology,  Gaithersburg,  MD  20899 

(3)  Battelle,  Pacific  Northwest  National  Laboratory,  Richland,  WA  99352 


ABSTRACT 


Crystals  of  a  new  titanosilicate  phase,  CsaTiSieOis,  were  grown  from  a  cesium 
vanadate  flux.  The  compound  has  monoclinic  symmetry,  space  group  C2/c,  with 
a  =  13.386(5),  b  =  7.423(3).  c=  15.134(5)  A,  p  =  107,71  (3)».  Z  =  4.  The  crystal 
structure  was  solved  using  single  crystal  x-ray  data  (Mo  Kot  radiation)  and 
refined  to  R(F)  =  0.039  for  1874  unique  reflections.  In  the  structure.  Isolated 
titanium-centred  octahedra  and  silica-centred  tetrahdra  share  all  comers  to  form 
an  open  framework  structure  containing  large  cavities  in  which  the  cesium  ions 
are  located.  Each  cavity  is  bound  by  three  5-rings,  two  6-rings  and  two  8-rings. 
The  cavities  are  linked  via  the  8-rings  into  channels  parallel  to  [101],  The  cesium 
ions  occur  in  pairs  along  the  channels,  separated  by  3.765(2)  A. 
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INTRODUCTION 


An  important  new  development  in  inorganic  microporous  materials  was  the 
discovery  in  1989  of  a  family  of  microporous  titanosilicates,  incorporating 
octahedrally  coordinated  Ti4+  ions  (1 ,2).  The  TiOg  octahedra  comer-link  to 
Si04  tetrahedra  to  form  the  host-framework.  Members  of  the  family  have  been 
commercially  developed  (Engelhard  Corporation  titanosilicates,  ETS)  for 
application  as  molecular  sieves  and  selective  catalysts  (1).  These  compounds 
extended  earlier  developments  in  catalyst  chemistry,  based  on  enhanced 
selective  catalytic  activity  of  microporous  silicas  by  partial  isomorphous 
replacement  of  tetrahehedraliy  coordinated  Si4+  by  T{4+  (3). 

Further  stimulus  for  research  on  the  preparation  and  characterisation  of 
titanosilicates  has  come  from  the  recognition  that  these  compounds  are  effective 
ion  exchangers  for  selective  removal  of  cesium  from  radioactive,  sodium-rich 
wastes  (4).  Recerit  work  at  Pacific  Northwest  National  Laboratory  of  Battelle  has 
shown  that  certain  Cs20-Ti02-Si02  compositions  can  be  themnally  converted  to 
crystalline  titanosilicates  with  high  durabilities  towards  leaching  (5).  One  of  the 
new  compounds,  with  composition  CsTiSi206.5.  has  a  zeolitic  structure  closely 
related  to  that  for  pollucite,  CsAISiaOg  (6).  Pollucite  has  been  reported  to  be  an 
excellent  candidate  for  cesium  containment  (7).  Whereas  pollucite  contains  only 
tetrahedrally  coordinated  cations,  the  titanium  derivative  has  5-^oordinated 
Ti4+(6). 

As  part  of  a  program  on  the  characterisation  of  CsTISi206.5.  single  crystals  were 
grown  from  a  cesium  vanadate  flux.  In  addition  to  the  desired  compound, 
crystals  were  also  obtained  of  another  cesium  trtanosilicate  with  a  higher  silica 
content,  Cs2TiSi60i5.  The  x-ray  diffraction  data  and  unit  cell  dimensions  for  the 
second  phase  could  not  be  reconciled  with  any  known  structure  type.  We  report 
here  the  structural  characterisation  of  this  phase. 


EXPERIMENTAL 

Synthesis  and  characterisation. 

A  mixture  of  0.08  g  of  microcrystalline  CsTiSi206.5  and  0.07  g  of  CsVOg  was 
sealed  In  a  3  mm  diameter  platinum  tube.  The  tube  was  placed  in  a  vertical  tube 
furnace  at  800®C.  The  temperature  was  increased  to  1 100’C  at  a  heating  rate  of 
50“C/h,  held  for  one  hour  at  1100*0,  then  cooled  to  650*0  at  a  rate  of  1*0/h. 
Despite  being  sealed  the  flux  was  found  to  have  penetrated  the  walls  of  the  tube 
and  crystals  were  found  both  outside  and  Inside  the  tube.  After  dissolving  the  flux 
in  warm  water,  crystals  of  four  different  phases  were  identified.  Three  of  these 
were  known  phases,  OsTISi206.5,  rutile  and  cristobalite.  The  fourth,  and  most 
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prevalent  phase  comprised  relatively  large  (0.1 -0.5  mm)  tabular-shaped  crystals, 
showing  high  birefringence  under  a  polarising  microscope. 

Several  of  the  crystals  were  examined  by  x-ray  diffraction  using  the  precession 
method.  They  were  all  found  to  be  single  crystals  having  C-centred  monoclinic 
symmetry,  with  approximate  cell  dimensions  a  =  13.4,  b  =  7.4,  c=  15.1  A,  p  = 
108“.  The  dominant  faces  of  the  plate-like  crystals  was  found  to  be  (001). 
Systematic  absences  in  the  precession  photos  were  consistent  with  the  space 
groups  C2/c  and  Cc. 

Wavelength  dispersion  electron  microprobe  analyses  were  made  on  sectioned 
and  polished  crystals  using  a  JEOL  Superprobe  model  JXA-8900R  operated  at 
1 5  kV  and  20  nA.  Standards  used  were  pollucite,  rutile  and  vanadium  metal.  The 
analyses  showed  small  variations  within  and  between  crystals.  The  ranges 
obtained  were  36.0  -  37.4  wt%  Cs,  22.5  -  23.3  wt%  Si,  7.2  -  8.7  wt%  T1  and  0.5  - 
0.6  wt%  V. 

Data  collection  and  structure  analysis 

For  the  data  collection,  a  talaular  crystal  was  mounted  along  b  on  a  Siemens 
AED  diffractometer  employing  Mo  Ka  radiation.  Lattice  parameters  were 
determined  by  the  least  squares  technique  applied  to  the  setting  angles  of 
reflections  with  1 1  <  6  <  26“.  Intensities  were  collected  using  0-28  scans.  Three 
standard  reflections  which  were  monitored  every  50  reflections  to  correct  for 
intensity  drift  showed  no  significant  deviations.  Details  of  the  data  collection,  data 
processing  and  structure  refinement  are  given  in  Table  1. 

Working  in  the  centrosymmetric  space  group  C2/c,  the  positions  of  a  cesium  and 
a  titanium  atom  were  obtained  from  an  analysis  of  the  three  dimensional 
Patterson  map.  The  silicon  and  oxygen  atoms  were  located  in  successive 
Fourier  and  difference  Fourier  maps.  Refinement  of  all  coordinates,  isotropic 
displacement  parameters  and  an  extinction  parameter  converged  at  a  high  R(F) 
value  of  0.15.  Release  of  anisotropic  displacement  parameters  resulted  in  a 
rapid  convergence  to  R(F)  =  0.039  for  all  1874  independent  reflections.  The 
refinement  was  based  on  F^s  and  the  final  wR(F2)  was  0.13.  Some  of  the 
oxygen  atoms  had  large  anisotropic  displacement  parameters.  Attempts  to 
model  these  with  split  atoms  and  with  refinements  in  Cc  gave  no  further 
improvement  in  the  R  values.  The  highest  peaks  in  the  difference  Fourier  map 
obtained  after  the  final  refinement  were  1.2  and  1 .4  e/A3,  close  to  the  cesium 
atoms. 

The  data  processing,  including  the  absorption  correction,  was  made  using 
SHELX-76  (8)  and  the  structure  refinement  was  earned  out  with  SHELXL93  (9). 
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RESULTS  AND  DISCUSSION 


The  refined  atomic  coordinates  and  equivalent  isotropic  displacement 
parameters  are  reported  In  Table  2.  The  anisotropic  displacement  parameters 
are  given  in  Table  3.  Selected  Interatomic  distances  and  angles  are  presented  in 
Table  4. 

From  the  structure  refinement,  the  unit  cell  composition  was  established  to  be 
Cs8Ti4Si24O60,  ie  4  x  CsaTiSieOis.  The  calculated  analyses  for  this 
composition  are  36.8  wt%  Cs,  23.3  wt%  Si  and  6.6  wt%  Ti.  The  cesium  and 
silicon  analyses  are  within  the  range  of  measured  microprobe  values  but  the 
titanium  is  lower  than  the  measured  range  of  7. 2-8 .7%  71.  There  was  no 
evidence  of  other  partially  occupied  sites  in  the  final  difference  Fourier  map  that 
could  be  occupied  by  excess  b'tanium.  A  possible  explanation  is  that  minor 
substitution  of  silicon  by  titanium  occurs,  as  found  for  CsTiSi206.5  (6),  although 
the  Si-O  bond  lengths  listed  in  Table  4  show  no  evidence  for  this.  They  are,  If 
anything,  on  the  low  side  for  Si-O.  Repeat  microprobe  analyses  using  different 
standards  for  titanium  (CaTiSiOs  and  BaTiSisOg)  showed  small  but  consistent 
variations  in  the  titanium  analyses  as  a  function  of  the  standard  used  and  so 
some  doubt  is  cast  on  the  accuracy  of  the  microprobe  results  for  titanium. 

The  structure  building  units  are  a  titanium-centred  octahedron,  a  SigOy  group 
containing  Si(1)  and  two  further  silicon-centred  tetrahedra  containing  Sl(2)  and 
Sl(3).  The  polyhedra  are  connected  by  comer-sharing  of  ail  vertices  to  form  an 
open  framework.  There  are  only  Ti-O-Si  and  Si-O-Si  linkages  between 
polyhedra.  The  TiOe  octahedra  are  indirectly  linked  to  one  another  via  two 
intervening  Si04  tetrahedra.  The  polyhedral  linkages  create  large  cages  in  which 
the  cesium  ions  reside.  The  cages  are  fonried  by  a  three-ring,  three  5-rings,  two 
6-rings  and  two  8-rings. 

A  polyhedral  representation  of  the  structure,  viewed  down  the  unique  axis,  b,  is 
given  in  Rg.  1.  This  view  shows  clearly  the  5-rings  and  6-rings.  The  former 
involves  the  edges  of  a  TiOe  octahedron,  a  Si(1)207  group  and  two  Si04 
tetrahedra,  while  the  latter  includes  an  additional  octahedral  edge.  A  second  type 
of  5-ring,  which  is  perpendicular  to  the  section  shown  in  Rg.  1,  involves  the 
edges  of  five  tetrahedra.  It  Is  seen  from  Fig.  1  that  parallel  to  (001),  narrow 
blocks  containing  only  TiOs  octahedra  are  separated  by  blocks  containing  zig¬ 
zag  chains  of  Si207  groups.  The  Si207  groups  are  oriented  approximately  along 
[101]  and  [100]  in  the  chains.  These  chains  are  linked  vertically  by  further  comer 
sharing  Into  blocks  parallel  to  (001).  This  plane  is  the  main  growth  plane  of  the 
platy  or  tabular  crystals. 

From  Fig.  1  it  is  seen  that  the  cesium  ions  form  undulating  rows,  oriented  along 
[1 01].  Alternately  short  and  long  Cs-Cs  separations  occur  along  the  rows  with 
distances  of  3.765(2)  and  4.904(2)  A.  The  next  shortest  Cs-Cs  separation  is 
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5.946(2)  A,  between  cesium  ions  in  adjacent  [101]  rows.  Fig.  2  shows  a  view  of 
the  structure  parallel  to  the  [1Q1]  rows  of  cesium  ions.  It  is  seen  that  the  cavities 
containing  the  cesium  ions  have  large  apertures  normal  to  this  direction,  fonned 
from  8-rings  of  two  types.  One  is  formed  from  the  edges  of  eight  tetrahedra  (8T) 
while  the  other  Is  formed  from  the  edges  of  six  tetrahedra  and  two  octahedra 
(6T+20).  Both  apertures  are  compressed  into  elliptical  shapes.  The  principal 
axes  of  the  two  types  of  ellipses  are  orthogonal-  The  cavities  containing  cesium 
ions  are  connected  via  these  apertures  Into  channels  parallel  to  [101].  The 
minimum  free  diameter  of  the  6T+20  aperture  is  about  2.5  x  4.8  A,  based  on  an 
O  radius  of  1 .35  A.  The  corresponding  value  for  the  8T  aperture  is  1 .8  x  4.2  A  . 
However  this  aperture  is  constricted  at  the  centre  and  is  probably  better 
described  as  comprising  two  adjacent  minimum  free  diameters,  each  about  2.1  x 
2.1  A.  It  is  clear  that  the  cesium  ions,  with  a  diameter  of  at  least  3.5  A,  will  not  be 
free  to  migrate  along  the  channels. 

Ball-and-stick  models  of  the  two  types  of  8-ring  apertures  are  presented  in  Fig.  3. 
showing  the  the  anisotropic  displacement  ellipsoids.  Whereas  the  oxygen  atoms 
forming  the  TiOq  octahedra,  0(2),  0(4)  and  0(7),  show  only  moderate 
anisptropy,  the  oxygens  involved  in  Si-O-Si  linkages  are  highly  anisotropic, 
particularly  those  associated  with  the  Si(t)207  group,  0(3),  0(5)  and  0(8).  The 
principal  displacement  axes  for  these  oxygens  are  almost  in  the  plane  of 
projection  in  Rg.  3.  The  orientation  of  the  ellipsoids  is  suggestive  of  cooperative 
rotation  of  the  Si(1)-centred  tetrahedra  about  the  apical  Si(1)-0(4)  bonds  that 
form  the  Si-O-Ti  linkages. 

The  short  Cs-Cs  interatomic  distance  of  3.76  A  occurs  across  the  8-ring  aperture 
shown  in  Fig.  3(a),  comprising  6  tetrahedra  and  two  octahedra.  The  cesium 
cations  are  shielded  in  the  plane  of  the  aperture  by  the  rectangle  of  four 
oxygens,  2  x  [0(2)  +  0(7)],  which  form  the  two  octahedral  edges.  It  is  interesting 
to  note  that  in  the  cesium  hollandite  phase,  Cs-i.aeTiaOis.  pairs  of  cesium  ions 
along  the  hollandite  tunnels  are  also  shielded  by  four  oxygens,  and  the  Cs-Cs 
separation  of  3.72  A  (1 0)  Is  very  close  to  the  short  Cs-Cs  distance  in 
Cs2TiSi60i5.  In  the  cesium  hollandite  the  four  oxygens  form  a  square  planar 
arrangement  rather  than  a  rectangle,  but  the  cross-section  area  defined  by  the 
four  anion  positions  is  about  the  same  in  both  compounds.  In  Cs2TiSi60i  5,  the 
longer  Cs-Cs  separation  of  4.90  A  occurs  across  the  8-ring  aperture  comprising 
8  tetrahedral  edges.  As  seen  in  Fig.  3(b)  the  main  shielding  of  the  cesium  cations 
is  by  only  two  oxygens  in  this  case.  The  short  Cs-Cs  distances  of  3.72  and  3.76 
A  are  to  be  compared  to  a  separation  between  cesium  atoms  in  the  bcc  metal  of 
5.25  A  (11). 

Tfie  interatomic  distances  and  angles  for  the  framework  polyhedra  are  given  in 
Table  4.  The  TiOe  octahedron  shows  only  slight  departures  from  Ideal  geometry. 
The  three  independent  Ti-O  distances  are  identical,  at  1 .939(4)  A  and  the  O-Ti-O 
angles  range  from  86.7(2)  to  93.3(2)“.  The  mean  Ti-O  distance  Is  identical  to 
that  in  benitoite,  BaTiSi309,  which  also  comprises  a  framework  of  isolated  Ti06 
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octahedra  sharing  all  comers  with  Si04  tetrahedra  (12).  The  three  SIO4 
tetrahedra  are  also  quite  regular,  with  Si-O  distances  In  the  range  1.580(1)  to 
1.638(5)  A,  and  O-Si-O  angles  in  the  range  104,5(3)  to  112.9(2)°.  The  average 
Si(1)-0,  Si(2)-0  and  Si(3)-0  distances  are  1.594, 1.610  and  1.603  A.  The  latter 
two  distances  agree  with  reported  mean  Si-0  distances  in  zeolites  with  ordering 
of  silicon  and  aluminium  ( 13,  14).  The  shorter  mean  Si(1)-0  distance  involves 
those  oxygens  that  have  the  largest  anisotropic  displacement  parameters,  so  the 
actual.  Si-O  distances  will  be  longer  than  obtained  in  the  refinement.  The  cesium 
ion  has  10  closest  oxygen  neighbours,  with  Cs-O  distances  in  the  range  3.030(5) 
to  3.608(4)  A  and  a  mean  Cs-O  value  of  3.336  A.  This  is  of  the  order  of  0.2  A 
longer  than  the  mean  Cs-O  distance  in  cesium  hollandite  where  the  cesium  is 
eight  coordinated  (10),  but  shorter  than  the  mean  Cs-O  distance  of  3.48  A  in 
pollucite  (15),  in  which  the  cesium  is  twelve  coordinated. 

COMPARISON  WITH  OTHER  STRUCTURES  AND  CONCLUSIONS 

The  structure  of  Cs2TiSi60i5  represents  a  new  type  of  microporous 
tftanosilicate  framework  structure.  The  ordering  of  titanium  atoms  into  isolated, 
undistorted  octahedra  so  that  there  are  only  Si-O-Si  and  Ti-O-Si  linkages  in  the 
framework  is  relatively  unusual.  This  situation  also  occurs  in  the  mineral 
benitoite,  BaTiSisOg  (12).  However  reported  titanosilicates  containing  TiOs- 
octahedra  generally  have  higher  Ti/Si  ratios  and  involve  Ti-O-T!  linkages,  which 
form  octahedral  clusters  ais  in  Na2Ti203Si04.2H20  (16)  and 
Cs3HTi404(Si04)3.4H20  (17)  or  linear  chains  as  ETS-10  (Engelhard 
Corporation  titanosilicate)  (1 8). 

The  other  known  cesium  titanosilicate  structure  is  that  of  CsTiSi206.5  (6)  which 
differs  significantly  from  that  for  Cs2TiSi60i  5  in  having  the  titanium  atoms 
disordered  over  the  tetrahedral  sites  in  a  pollucite  type  framework.  Relative  to 
pollucite,  CsAISi206,  there  are  extra  oxygen  atoms  in  the  unit  cell  and  Ti-EXAF 
studies  Indicate  that  these  are  coordinated  to  titanium  so  that  the  tetrahedral 
coordination  is  modified  locally  to  5-coordination  (6).  Rve  coordinated  titanium 
occurs  in  layered  titanosilicates  such  as  the  mineral  fresnoite,  Ba2TlSi208  (19) 
and  Nad~n2SinO22.4H20  (20).  In  these  compounds  the  titanium  has  square 
pyramidal  coordination  with  a  very  short  apical  bond  typical  of  the  titanyl  group. 

Work  in  progress  indicates  that  Cs2TiSi60i5  has  a  high  durability  towards 
leaching.  If  thus  has  potential  for  containment  of  cesium  selectively  adsorbed 
onto  titanosilicate  ion  exchangers  from  sodium-rich  radiactive  wastes. 
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FIGURE  CAPTIONS 


Fig.  1.  Polyhedral  representation  of  the  structure  of  Cs2TiSi60-i5,  projected 
along  the  b  axis.  Riled  circles  represent  cesium  ions. 

Fig.  2.  (101)  slice  of  the  structure  of  Cs2TiSi60i5,  viewed  along  [101].  Filled 
circles  represent  cesium  ions  on  either  side  of  the  polyhedral  layer. 

Fig.  3.  Atom  connectivity  in  the  8-membered  rings  formed  by  (a)  6  tetrahedra 
and  2  octahedra  and  (b)  8  tetrahedra.  Anisotropic  displacement  ellipsoids  (50% 
probability)  are  shown. 


42 


TABLE  1 


Details  of  X-Ray  Data  Collection  and  Refinement 


Formula  mass 
Space  group 

a,  A 

b, A 

c,  A 
P,  deg. 

V,  A3 

Z 

Radiation 

Linear  absorption  coefficient,  mm*1 
Absorption  correction 
Transmission  factors 

Calculated  density,  Mg  m-3 

Crystal  size,  mm 

Data  scan  type 
Scan  width,  deg. 

29  scan  range,  deg. 

No.  reflections  measured 
No.  unigue  reflections 

Rint 

Refinement  on  F2 
wR(F2),  all  reflections 
R(F),  all  reflections 
Extinction  coefficient 
Apmax,  e  A*^ 

Apmin.  e  A"^ 


721.7 

C2/c 

13.386(5) 

7.423(3) 

15.134(5) 

107.71(3) 

1432.5 

4 

MoKa,  X  =  0.71 07  A 
6.30 

Analytical,  using  crystal  faces  (ref.  8) 
0.244  to  0.551 

3-35 

•  0.24  x  0.24  x  0.10 

0-29 
(2.4  4-A29) 

2  -  30 
1975 
1874 
0.034 


0.13 

0.039 

0.0022(3),  (ref.  9) 
1.46 
-1.73 


Atom 

Cs 

T1 

Sl(1) 

Sl(2) 

Si(3) 

0(1) 

0(2) 

0(3) 

0(4) 

0(5) 

0(6) 

0(7) 

0(8) 


TABLE  2 

Fractional  atomic  coordinates  and  equivalent 
Isotropic  displacement  parameters  (A2) 


X  y 


0,11728(3) 

0.25839(5) 

1/4 

1/4 

0.0028(1) 

0.2682(2) 

0.1554(1) 

0.0399(2) 

0.1752(1) 

0.4287(2) 

'0.1189(3) 

0.2353(6) 

0.1973(3) 

0.0526(5) 

0 

0.254(1) 

0.3915(3) 

0.1910(7) 

0.4483(3) 

0.4167(8) 

=  0.2531(3) 

0.4604(9) 

0.2359(3) 

0.4231(5) 

0.4169(4) 

0.0732(9) 

2 

Ueq 

0.40996(3) 

0.0330(2) 

0 

0.0143(3) 

0.6466(1) 

0.0141(3) 

0.1446(1) 

0.0231(3) 

0.1663(1) 

0.0229(3) 

0.1722(3) 

.  0.034(1) 

0.0568(2) 

0.0233(7) 

3/4 

0.079(4) 

0.0750(3) 

0.0324(8) 

0.3768(4) 

0.059(2) 

0.2686(3) 

0-051(1) 

0.0914(3) 

0.0311(8) 

0.3576(5) 

0.079(2) 

TABLE  3 


Anisotropic  Displacement  Parameters  (A2) 


Atom 

U11 

U22 

U33 

U23 

U13 

U12 

Cs 

0.0179(2) 

0.0341(3) 

0.0417(3) 

0.0100(1) 

0.0011(2) 

-.0001(1) 

Ti 

0.0142(5) 

0.0177(5) 

0.0110(4) 

-.0038(3) 

0.0036(4) 

0.0008(3) 

Si(1) 

0.0106(5) 

0.0181(5) 

0.0135(5) 

0.0013(4) 

0.0033(4) 

-.0039(4) 

Si(2) 

0.0130(5) 

0.0390(8) 

0.0151(5) 

0.0063(5) 

0.001 1  (4) 

0.0001  (3) 

Si(3) 

0.0134(5) 

.  0.0365(7) 

0.0159(5) 

-.0126(5) 

0.0003(4) 

0.0075(5) 

0(1) 

0.022(2) 

0.056(3) 

0.029(2) 

-.008(2) 

0.015(2) 

-.004(2) 

0(2) 

0.031  (2) 

0.022(2) 

0.016(1) 

-.002(1) 

0.007(1) 

-.003(1) 

0(3) 

0-048(5) 

0.17(1) 

0.026(4) 

0 

0.014(4) 

0 

0(4) 

0.017(2) 

0.043(2) 

0.030(2) 

0.005(2) 

-.003(1) 

0.001(1) 

0(5) 

0.022(2) 

0.066(3) 

0.073(3) 

-.041  (3) 

-.008(2) 

0.015(2) 

0(6) 

0.028(2) 

0.101(4) 

0.019(2) 

-.01 6(2) 

-.002(2) 

-.013(2) 

0(7) 

0.047(2) 

. 

0.024(2) 

0.027(2) 

-.009(1) 

0.019(2) 

-.002(2) 

0(8) 

0.037(3) 

0.072(4) 

0.099(5) 

0.057(4) 

-.022(3) 

-.034(3) 
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TABLE  4 


Selected  Interatomic  Distances  (A)  and  Angles  {“) 


Ti-0(7)  (x2) 

1.939(3) 

180 

91.2(2) 

93.3(2) 

88.8(2) 

86.7(2) 

71-0(4)  (x2) 

1.939(4) 

91.2(2) 

180 

•  90.4(2) 

88.8(2) 

89.6(2) 

Ti-0(2)  (X2) 

1  -938(3) 

93.3(2) 

90.4(2) 

.  180 

86.7(3) 

89.6(2) 

0(7) 

0(4) 

0(2) 

Si(1)-0(3) 

1.580(1) 

112.9(2) 

Si(l)-0(4) 

1.582(4) 

111.9(2) 

Si(1)-b(5) 

1 .605(5) 

107.2(4) 

107.2(4) 

Si(1)-0(8) 

1.609(5) 

107,9(4) 

109.5(3) 

0(3) 

0(4) 

0(5) 

Si(2)-0(2) 

1.594(4) 

109.2(2) 

Si(2)-0(6) 

1.610(4) 

110.5(3) 

Si(2)-0(5) 

1.613(5) 

111.4(3) 

104.5(3) 

Si(2)-0(1) 

1 .625(4) 

111.8(2) 

109.3(3) 

0(2) 

0(6) 

0(5) 

Si(3)-0(8) 

1 .589(5) 

112.7(4) 

Si(3)-0(7) 

1.583(4) 

Si(3)-0(6) 

1.600(4) 

110.7(3) 

111.8(2) 

105.4(3) 

Si(3)-0{1) 

1.638(5) 

105.4(3) 

111.2(2) 

0(8) 

0(7) 

0(6) 

Cs-0(1) 

3.030(5) 

Cs-0(5) 

3.336(6) 

Cs-0(2) 

3.156(3) 

Cs-0(8) 

3.459(7) 

Cs-0(7) 

3.173(4) 

Cs-0(6) 

3.536(5) 

Cs-0(4) 

3.224(5) 

Cs-0(7) 

3.607(4) 

Cs-0(2) 

3.232(4) 

Cs-0(1) 

3.608(4) 

47 


Ti  XAS  of  a  novel  Cs-Ti-silicate 

NJ  Hesif  ML  Balmer.  BC  Bunker 
Pacific  Northwest  National  Laboratory, 
Richland  WA  99352 

and 

SD  Conradson 

Los  Alamos  National  Laboratory  ' 

Los  Alamos  NM  87545 


Abstract. 

Ti  XANES  and  EXAFS  wera  performed  to  determine  the  coordination  environment  of  Ti 
in  several  Ti  oxide  standards  with  known  structures  and  two  unknowns  with  CsTiSijOgs 
composition,  one  amorphous  and  one  fully  crystalline.  Analysis  of  both  the  XANES 
and  EXAFS  data  of  the  unknowns  indicate  that  Ti"*  is  5-fold  coordinate  in  CsTiSijO„ 
and  that  the  site  is  highly  distorted.  Plots  of  intensity  versus  the  energy  of  a  Ti  pre¬ 
edge  feature  result  in  the  separation  of  6-,  5-,  and  4-fold  coordinate  Ti  into  three  ‘ 
disUnct  regions.  EXAFS  and  XANES  data  show  that  the  Ti  coordination  environment 
for  the  amorphous  and  ciystalline  CsTiSiAs  samples  is  the  same  indicating  that  the  Ti 
coordination  environment  forms  early  in  the  crystallization  process.  Preliminary 
measurements  at  the  Cs  K-edge  EXAFS  on  the  same  samples  shows  that  the  Cs' 
coordination  environment  is  different  for  the  amorphous  and  the  crystalline  CsTiSi,0„ 
samples  suggesting  that  the  Cs  coordination  environment  forms  late  in  the 
crystallization  process. 
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INTRODUCTION- 


Crystalline  Silicotltanates  (CSTs)  have  been  proposed  as  ion  exchange  materials  for 
the  removal  of  Cs  and  Sr  from  high  level  nuclear  waste  streams  (1).  Currently,  Cs  and 
Sr  are  released  from  the  loaded  traditional  ion  exchange' resins  by  elution  and  then 
incorporated  into  solid  waste  forms.  Reprocessing  by  elution  is  not  possible  with  CSTs; 
however,  another  strategy  is  to  directly  incorporate  the  loaded  CST  into  a  solid  waste 
form,  for  example,  borosilicate  glass  logs,  by  melting.  In  addition,  recent  studies  (2) 
have  demonstrated  that  some  cesium  silicotltanates  can  be  directly  transformed  to  a 
crystalline  material  isostructural  with  pollucite  (CsAISi^Os)  at  temperatures  well  below 
those  required  for  formation  of  borosilicate  glass.  The  Ti-substituted  pollucite, 
CsTiSijOss,  has  leach  rates  that  lower  than  that  for  the  borosilicate  glass,  generates 
lower  volumes  of  high  level  waste,  and  due  to  the  low  processing  temperatures,  the  Cs 
losses  due  to  volatilization  during  processing  are  extremely  low.  This  application  and 
the  potential  use  of  other  sllicotitanate  zeolites  as  catalytic  materials  has  spurred  . 
Interest  in  determining  the  coordination  environment,  of  Ti  In  these  novel  materials.. 

X-ray  Absorption  Spectroscopy  experiments'were  performed  to  determine  the  oxidation 
state  and  coordination  environment  of  Ti'*'^  where  it  is  substituted  for  Al  in  the  cesium 
aluminosilicate  pollucite,  CsAlSi^Oe-  In  pollucite,  both  AI  and  Si  occupy  tetrahedral 
sites  and  the  tetrahedra  share  apexes  to  form  an  open  three  dimensional  nehvork.  The 
cesium  atoms  occupy  the  largest  cavities  in  the  network.  Tne  substitution  of  Ti  for 
A^  requires  some  mechanism  for  charge  compensation,  perhaps  the  presence 
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additional  oxygen  as  suggested  by  neutron  powder  diffraction  results  (3).  Recently, 
questions  of  Ti  valence  and  coordination  in  zeolitic  materials  have  been  addressed 
using  the  analysis  of  the  XANES  and  EXAFS  spectra  (4-9).  Some  researchers  have 
reported  some  difficulty  in  determination  of  Ti  coordination  number  (4,8,10).  in  this  . 
work,  several  Ti  standards,  a  Cs  standard  and  two  CsTiSi20e.5  samples  prepared  with 
different  heat  treatments  were  analyzed.  The  Intensity  and  energy  of  a  pre-edge 
feature  in  the  Ti-XANES  spectra  allowed  separation  of  the  6-.  5-,  and  4-fold  coordinate 
Ti  samples  into  distinct  regions.  These  results  were  supported  by  analysis  of  the. 
EXAFS  data  once  the  EXAFS  spectra  had  been  corrected  for  self-absorption  effects. 


Data  Collection. 

The  analyzed  samples  included  standards:  TiOz  -  anatase  and  rutile,  BaTiSigOg, 
NaTiSi.O,,,  ETS-4.  Na^TiSfOs,  K,TiA.  Ba^TiO.,  BaJiSiA.  CsAlSi,0,  -pollucite,  and 
CsAlTiSiO.,  and  two  'unknowns'  of  CsTiSi,0,^  synthesipd  at  PNNL  The  structure  and 
the  Ti  coordination  environment  of  the  standards  have  been  reported  in  the  literature. 
However  for  I^TA  there  is  a  discrepancy  in  the  reported  metrical  parameters  and 
what  is  calculated  based  on  the  space  group;  lattice  dimensions  and  fractional 
coordinates  for  this  structure.  Based  on  the  metrical  parameters,  the  Ti  is  reported  as 


occupying  a  trigonal  bipyramidal  structure  (11,12).  Based  on  the  space  group  and 
Traetional-eoordinates,  Ti  in  K,TiA  resides  in  a  severely  distorted  square^iyramidal 
polygon.  The  square  pyramidal  coordination  environment  is  consistent  with  the  recent 
stmcture  refinement  of  K^Ti^Os  using  the  results  from  Raman  spectroscopy  and 
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powder  diffraction  (1 3).  The  microporous  silicate,  ETS^  (9),  was  chosen  as  a 
standard  because  of  the  occurrence  of  Ti  in  three  dimensional  silica  neb//ork,  an 
environment  that  is  thought  to  be  analogous  to  the  Ti  environment  in  the  CsTiSijOg^. 
The  structure  of  ETS-4  Is  thought  to  be  similar  to  the  zeoloite.  Ti-(3,  and  has  onl^/  been 
determined  by  XAS  analysis  (18).  The  'unknown',  CsTiSi20g.5  A,  was  sintered  at  700  C 
and  Is  amorphous  using  x-ray  powder  diffraction  while,  CsTISiaOg^  B,  which  was 
.sintered  at  800  C,  is  fully  crystalline. 

The  XAS  data  were  collected  at  the  Stanford  Synchrotron  Radiation  Laboratory  during 
six  experimental  runs  in  a  two  year  period  1 994-1 996.  To  allow  data  collection  at  both 
the  Ti.-edge  at  6965  eV  and  the  Cs  K-edge  at  36000  eV,  a  wiggler  line  endstation, 
beamline  4-2,  using  Si[2201  and  Si[400]  crystals  was  selected.  Additional  data  at  the  Ti 
K-edge  was  collected  on  a  bending  magnet  line,  beamline  2-3,  using  Si(220]  crystals. 
Data  were  collected  in  fluorescence  using  either  a  1 3-element  Ge  array  detector  or.  In 
later  experirrients,  a  Lytle  detector.  In  both  arrangements  the  beam  path  was  flooded 
with  He  to  reduce  the  intensity  attenuation  of  the  low  energy  x-rays,  by  air  at  the  Ti  .K- 
edge.  To  maximize  flux  the  spectra  were  collected  with  the  two  monochrometer 
crystals  fully  tuned  and  harmonic  rejection  at  Ti  k-edge  was  accomplished  using  critical 
angle  reflection  off  of  a  Rh-coated  mirror.  No  method  of  harmonic  rejection  was 
employed  at  the  high  energy  of  the  Cs  k-edge.  All  data  were  collected  at  liquid 
nitrogen  temperatures. 
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All  the  samples  were  analyzed  in  powder  form.  The  NajTiSiOs  and  K2Ti205  samples 
were  heated  treated  at.  400  C  for  12  hours  prior  to  analysis  to  drive  off  water.  The 
amount  of  powders  required  to  result  in  an  absorption  unit  of  one  was  calculated, 
weighed-out,  and  thoroughly  mixed  with  small  amount  of  glucose  using  a  mortar  and 
pestle.  The  resulting  mixture  was  pressed  into  a  slot  of  a  sample  holder  using  a 
hydraulic  press.  The  sample  holder  was  then  sealed  with  kapton  tape  mounted  on  the 
cold  finger  of  a  liquid  nitrogen  cryostat.  The  cryostat  was  placed  in  the  beam  path  so 
that  the  plane  of  the  samples  was  at  45  degrees  to  the  incident  beam.  A  titaniurrv  metal 
foil  was  also  mounted  on  the  sample  holder  and  was  used  to  calibrate  the  x-ray  energy 
periodically  during  the  fluorescence  measurements.  Data  at  the  Cs  K-edge  data  were 
internally  calibrated  by  setting  the  inflection  point  to  36005.0  eV.  In  almost  all  cases, 
multiple  scans  were  collected  and  averaged  to  increase  the  signal  to  noise  ratio. 

Data  Analysis. 

The  XAS  spectra  were  split  into  two  regions  for  data  analysis.  The  ^NES,  or  pre-, 
edge  region,  extending  from  approximately  50  eV  below  the  absorption  edge  to  100  eV 
above  the  edge,  and  the  EXAFS  region,  at  energies  above  the  absorption  edge.  The 
XANES  region  generally  contains  direct  information  about  the  oxidation  state  of  the 
absorber.  In  the  case  of  Ti  the  XANES  region  Is  especially  rich  and  can  be  used  to 
extract  information  on  bond  length  and  site  symmetry  (1 4,1 5).  However,  much  of  the  . 
interpretation  of  the  XANES  data  is  based  on  an  empirical  association  of  features  that 
are  observed  in  well-characterized  standards  to  similar  features  observed  in  unknowns. 
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The  data  in  the  EXAFS  region  is  used  to  extract  quantitative  information  on  the  number 
and  bond  length  of  coordinating  atoms  in  each  coordination  sphere.  In  addition,  the 
chemical  identity  of  the  coordinating  atoms  can  be  determined.  Unlike  XANES  data 
analysis,  there  is  a  complete  theoretical  understanding  of  the  EXAFS  features  (16,17). 

Background  subtraction  and  normalization  were  performed  following  standard  practice 
described  briefly  below.  A  linear  polynomial  Is  fit  through  the  pre-edge  region  and 
extrapolated  under  the  absorption  edge.  A  second  polynomial  is  fit  to  the  EXAFS 
region  and  extrapolated  to  the  absorption  edge.  At  approximately  5  to  20  eV  above  the 
edge,  the  extrapolated  pre-edge  is  set  to  zero  value  and  .the  resulting  vertical 
difference  between  these  two  extrapolated  lines  is  normalized  to  one.  As  a  result  the 
Intensity  of  the  EXAFS  oscillations  is  on  a  per  atom  basis.  A  two  or  three  segment, 
polynomial  spline  through  the  EXAFS  region  was  determined  by  the  minimization  of  the 
amplitude  of  the  Fourier  Transform  region  from  1  to  3  A.  The  normalized  absorption 
spectra  was  subtracted  from  the  spline  and  weighted  by  k  . 

Ti-XANES. 

The  Ti-XANES  region  was  fit  using  a  commercially  available  fitting  package 
GRAMS386.  The  pre-edge  region  from  4950  to  4990  eV  was  fit  using  a  linear 
combination  of  Gaussian  curves:  For  anatase,  which  displayed  the  most  complex 
XANES  spectra,  eight  Gaussian  cun/es  were  required.  Most  of  the  other  XANES 
spectra  were  significantly  simpler  and  required  fewer  Gaussian  components.  To 


56 


represent  the  Ti  K-edge  jump  a  single  Gaussian  curve  was  fixed  at  4990  eV  with  an 
amplitude  of  1  ±  0.05  for  all  spectra.  As  found  by  Waychunas  (14).  the  resulting 
Gaussian  curves  could  be  grouped  into  two  regions,  on  the  low  energy  tail  of  the 
absorption  edge  and  on  the  edge  itself.  The  frequency  and  intensity  of  the  Gaussian  ■ 
features  have  been  correlated  with  the  symmetry,  coordination  number  and  bond  length 
of  the  first  coordination  sphere.  No  analysis  of  the  Cs  XANES  was  performed  because 
this  region  is  relatively  featureless. 

EXAFS. 

The  Ti  and  Cs  EXAFS  data  were  simulated  and  fit  with  parameterized  scattering 
amplitudes  calculated  using  the  FEFF6.0  code  developed  by  Professor  John  Rehr  and 
co-workers  at  the  University  of  Washington  (16,1 7).  Several  model  compounds  were 
created  using  the  FEFF6.0  code- and  crystallographic  data  from  the  literature.  From 
these  model  compounds,  individual  scattering  paths  were  parameterized  and  used  to  fit 
the.  several  of  the  standards  and  the  two  unknowns.  The  fits  were  made  to  the 

unfiltered  data.  Each  fit  was  evaluated  by  several  methods.  First,  Fourier  transforms 
were  performed  over  the  fitted  region  to  see  if  results  actually  fitted  features  apparent 
in  r-space.  In  addition  each  scattering  path  was  compared  to  the  residual  in  k-space  to 
be  sure  there  was  frequency  and  node  matching.  A  third  method  to  evaluate  the  quality 
of  the  fit  .was  to  Fourier  Transform  each  scattering  path  and  compare  it  to  the  residual. 

A  fourth  method  was  to  perform  the  fit  over  several  k-ranges  to  determine  whether 
some,  features  were  not  created  by  the  choice  of  Fourier  Transform  range. 
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For  each  shell  there  are  five  parameters  used  in  the  fit:  delta  Eo,  the  scale  factor,  the 
number  of  atoms,  the  distance,  and  sigma  or  the  disorder.  Two  of  these,  delta  Eq  and 
the  scale  factor,  are  determined  by  fitting  the  filtered  EXAFS  of  the  first  oxygen  sTiell  of 
a  known  reference  material,  in  this  case  anatase.  Delta  Eq  and  the  scale  factor  are 
fixed  at  these  values  for  the  remaining  samples.  The  other  three  parameters,  the 
number  of  atoms,  the  distance,  and  sigma  or  the  disorder  are  allowed  to  vary  for  each 

shell. 

Ti  EXAFS. 

The  TI  EXAFS  region  was  fit  over  the  data  range  from  k  =  2.5  to  10  A  ^  except  for  the  • 
data  for  KaTijOs  which  was  fit  over  the  data  range  from  k  =  2.5  to  9  A'\.  The  change  in 
fitting  range  was  necessary  because  the  EXAFS  of  this  sample  was  perturbed  by  a 
large  monochrometer  glitch  at  approximately  k  =  9.1  A'\  The  Ti  K-edge  EXAFS  over 
the  two  fitting  ranges  for  the  six  samples  are  shown  in  Figure  1.  Qualitatively,  the 
EXAFS  of  all  six  samples  show  a  general  similarity  in  the  periodicity  and  the  node 
placements  of  the  first  two  oscillations.  At  higher  k  values,  the  similarity  of  the  EXAFS 
decreases.  In  addition  the  signal-to-noise  ratio  decreases.  The  amplitude  of  the 
anatase  EXAFS  is  appreciably  greater  than  the  other  samples,  especially  at  high  k. 

The  Fourier  Transforms  of  the  EXAFS  data  over  the  fitted  k-range  are  presented  in 
Figure  2.  The  Fourier  Transform  of  the  EXAFS  is  commonly  called  the  radial 
distribution  function,  or  RDF.  The  RDF  gives  a  more  Immediate  "physical"  picture  of 
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the  EXAFS  results  because  it  represents  the  radial  spatial  distribution  and  density  of 
neighboring  atoms  from  the  point  of  reference  of  the  absorbing  atom.  The  first  peak  in 
the  RDF  represents  the  scattering  off  Ti  nearest  neighbor  atoms,  in  this  case  oxygen. 
The  RDF  plot  shown  in  Figure  2  has  not  been  corrected  for  the  phase  shift  and  the 
apparent  distances  are  generally  shorter  by  0.5  to  1.0  A  than  those  distances 
determined  by  fitting  the  data.  At  the  first  level  of  approximation,  a  large  amplitude  can 
reflect  either  a  large  number  of  atoms  or  atoms  with  high  atomic  number.  The 
amplitude  can  be  diminished  In  intensity  by  both  static  and  thermal  contributions  to  the 

disorder  in  atomic  positions  . 

Because  the  focus  of  this  study  is'on  the  immediate  coordination  environment  around 
the  Ti  atoms,  back  Fourier  transforms  were  performed  around  the  oxygen  shell  to 
remove  contributions  to  the  EXAFS  from  the  more  distant  shells.  The  amplitude  and 
the  real  part  of  the  back  Fourier  transforms  are  plotted  in  Figure  3.  The  oxygen  EXAFS 
oscillation  at  anatase  exhibits  the  largest  amplitude.  In  addition  the  amplitude  is  uniform 
across  the  k-range  Indicating  there  is  minimal  disorder  in  the  oxygen  positions.  The 
microporous  silicate,  ETS-4;  has  the  next  largest  amplitude  at  low  k,  however  the 
amplitude  decreases  significantly  at  high  k.  The  decrease  in  amplitude  at  k  suggests 
that  the  disorder  In  oxygen  positions  is  greater  than  that  found  for  anatase.  NajTiSiOs 
oxygen  amplitude  has  lower  amplitude  at  low  k  than  both  anatase  and  ETS-4  but  the 
amplitude  does  not  decrease  at  high  k  suggesting  that  Na2TiSi05  has  fewer  oxygen 
nearest  neighbors  than  anatase  and  ETS-4  but  less  disorder  than  ETS-4.  The  two  . 
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CsTiSi20s.5  unknowns  and  the  K2Ti205  sample  have  amplitudes  that  are  similar  to 
Na2TiSi05  but  their  amplitudes  diminish  dramatically  at  high  K  indicating  significant 
disorder  in  the  oxygen  positions.  Also  apparent  in  Figure  3  is  the  difference  in  the 
frequency  of  the  EXAFS  oscillations.  Generally,  higher  frequency  oscillations  reflect  • 
longer  Ti-0  bond  lengths.  Fits  to  the  back  Fourier  transform  involved  a  single  oxygen 
shell  based  on  the  phase  and  amplitude  functions  extracted  from  FEFF  calculations  on 

anatase. 

Cs  EXAFS. 

The  EXAFS  of  the  Cs  k-edge  were  not  analyzed  in  detail.  The  objective  of  the  Cs 
EXAFS  study  was  to  determine  how  the  Cs  environment  compared  qualitatively  to  the 
alumino-silicate  pollucite  and  whether  the  Cs  environment  changed  between  the  two 
heat  treatments  for  the  synthesized  samples.  The  Cs  K-edge  EXAFS  are  shown  in 
Figure  4.  Fourier  Transforms  performed  over  a  k-range  from  k=  4  to  1 0  are  shown  in 
Figure  5.  The  first,  shell  consists  of  scattering  amplitude  from  1 0  oxygens  at  bond 
lengths  of  3.3  to  3.5  A.  The  second  shell  with  the  largest  amplitude  consists  of 
scattering  paths  from  both  Si  and  Ti  second  nearest  neighbors.  Cs  atoms  at 
approximately  4.8  A  dominate  the  contribution  to  the  third  most  distant  shell.  There  is 
striking  similarity  in  the  transforms  of  the  Cs  environment  in  CsTiSi20s.sB  and  the 
-atumlno-silicate  pollucite  CsAlS^Os  in  even  the  most  distant  shell.  CsTiSi206.sA  only 
exhibits  amplitude  in  the  first  shell. 
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Fitting  Results. 


The  Ti  K-edge  XANES  region  of  the  samples  is  shown  in  Figure  6.  Based  on  the 
energy  of  the  absorption  edge  all  of  the  compounds  analyzed  contain  Ti^T  In  addition, 
two  groups  of  pre-edge  features  can  be  recognized,  one  group  centered  at 
approximately  4970  eV  and  a  second  group  on  the  steep  slope  of  the  absorption  edge. 
Of  these,  the  second  feature  in  the  first  group,  A2,  shows  significant  variation  in 
intensity  and  energy  relative  to  the  absorption  edge  from  compound  to  compound. 
Changes  in  A2  intensity  have  been  correlated  to  the  amount  of  distortion  from  perfect 
octahedral  coordination  (14),  and  the  energy  of  this  peak  has  been  correlated  with  the 
number  of  coordinating  oxygens.  Pre-edge  features  on  the  steep  slope  of  the 
absorption  edge  show  a  strong  correlation  with  Ti-0  bond  length.  The  curve-fitting 
results  for  anatase  Ti-XANES  is  shown  In  Figure  7.  The  Table  I  lists  the  fitting  results 
for  peak  A2  for  all  samples  and  for  values  found  in  the  literature. 
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1  cdIJlC;  lO.  V-rV-il 
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Intensity 
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TiOj  anatase 

0^0 

5.50 

6 

TiOj  rutile 
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5.3 

6.0 

NajTiSiO, 

q.68 

4.2 

5 

0.41 

3.8 

5 

ETS-4 

0.19 

4.6 

5  or  6 

BaTlSijOg 

0.13 

4.7 

6 

Na2”nSi40^^ 

0.30 

4.5 

6 

Ba2TlSi20g 

0.51 

4.1 

5.0 

CsAlTi04 

0.83 

3.4 

.4  •. 

CsTlSi205_3B  . 

0.35 

3.4 

?  .  ■ 

CsTiSljO^j  A 

0.27 

3.1 

? 

TaDle  ID.  Liieraiure  v. 
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dlUCO  lUI 

Intensity 

Energy*  (ev) 

coordination 

TiOj  anatase® 

0.21 

5.5’ 

6 

TiOj  rutile® 

0.18 

5.5  • 

6 

ramsayite® 

0.29 

4.8 

6 

titanyl  phthalocyanine® 

0.79 

4.5 

5 

fresnoite® 

0.60 

.4.0 

5 

BajTiO/ 

0.84 

3.5 

4 

•n(OAm)4* 

0.74 

2.8 

4  . 

Ti(OPr)/ 

0.50 

3.0 

4 

ti(OEt)/  T 

0.32 

•  3.4 

5 

Ti(OBu)/ 

0.30 

3.1 

fh/a  oHcrnmtinn  pHnf^  ( 

5.00 

ifTifoil  at  4965  eV. 

a.  Energy  relative  to  deni 

b.  Data  from  reference  5. 

c.  Data  from  reference  1 8. 
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The  XANES  fitting  results  listed  in  Table  I  are  compared  graphically  in.  Figure  8. 

Plotting  the  relative  energy  versus  A2  peak  intensity  separates  the  samples  into  three 
regions.  The  samples  with  six-coordinate  Ti  have  low  A2  peak  intensity  and  large 
relative  energy.  Samples  with  five-coordinate  span  a  diagonal  of  the  plot  from  low 
relative  energy  and  A2  peak  intensity  to  high  relative  energy  and  A2  peak  intensity. 

The  four-coordinate  Ti  samples  have  low  relative  energy  and  high  A2  peak  intensity. 
The  CsTiSi206s  unknowns  fall  in  the  diagonal  region  representing  5-coordinate 
compounds. 

The  EXAFS  fitting  results  are  listed  in  Table  II  for  the  oxygen  coordination  shell  around 
Ti.  The  calculated  FEFF  Ti-0  scattering  amplitude  was  multiplied  by  a  scattering  factor 
of  0.42  in  order  .to  generate  the  six  oxygens  required  for  the  anatase  structure. 

Typically  the  FEFF6  code  correctly  calculates  the  scattering  amplitude  so  that  little 
correction  is  needed.  A  correction  of  this  magnitude  suggests  that  the  low  energy  x-ray 
fluorescence  may  have  been  absorbed  by  the  powder  particles  themselves,  a  process 
called  self-absorption.  Self  absorption  can  usually  be  avoided  by  diluting  the  sample 
with  a  low  Z  matrix  material  and  grinding  the  powders  to  a  small  particle  size.  Both 
techniques  were  employed  in  this  work.  •  If  the  scattering  geometry  is  known  and  the 
stoichiometry  of  one  standard  is  known,  then  self-absorptipn  corrections  can  be  made 
to  the  amplitude  of  the  EXAFS  oscillations  following  the  procedure  of  Torger  (19). 
Evaluation  of  the  fitting  results  to  the  standards  where  the  coordination  environment  of 
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Ti  is  known  allows  on©  to  gaug©  ths  cartainty  of  th©  r©sults  datermined  for  the 
unknowns  and  for.stnjctural  situations  were  the  fitting  results  are  problematic. 
Therefor,  the  fitting  results  for  the  standards  will  be  discussed  in  some  detail  before 
moving  on  to  the  two  CsTiSijOei  unknowns. 


a.  Delta  Eo  for  TI  -  O  =  1 .0  eV 

b.  Scale  factor  for  TI  -  O  =  1 .00 


c.  from  reference  20. 


d.  from  reference  21 .. 

e.  distance  published  by  Andersson  and  Wadsley  (11,12).  . ^  i  ,  m-i 

f.  distance  calculated  using  crystallographic  data  in  Andersson  and  Wadsley  (11,12). 


g.  distances  from  reference  13 

h.  based  on  EXAFS  from  reference  18. 
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The  fitting  results  for  the  two  6-coordinate  standards,  anatase  and  ETS-4,  reveal  an 
oxygen  shell  containing  six  oxygens  at  1.95  A.  Sigma,  the  disorder  parameter,  is  quite 
small  but  consistent  with  the  minor  difference. between  the  six  Ti-0  bond  lengths.  The 
fitting  results  for  anatase  are  in  quite  good  agreement  with  the  metrical  parameters  and 
the  results  for  ETS-4  agree  well  with  XAFS  results  on  a  similar  structure,  the  zeolite  Ti- 

P(18). 

The  fitting  results  for  the  two  5-coordlnate  standards.  Na2TiSi05  and  K^Ti20s.  reveal  an 
oxygen  shell  containing  five  oxygens  at  2.00  A  and  1.95  A.  respectively.  As  listed  in. 
Table  Hb.  these  structures  contain  one  Ti-0  bond  that  is  significantly  shorter  than  the 
four  other  Ti-0  bonds.  •  Such  a  large  difference  in  bond  lengths  generally  results  in  a 
large  sigma  value.  Surprisingly,  sigma  for  the  Na2TiSiOs  Ti-0  shell  has  zero  value. 
When  the  EXAFS  oscillations  for  a  short  Ti-O  bond  (eg  1 .70  A)  and  for  the  longer  2.0  A 
bond  length  are  overlayed  in  k-space.  the  oscillations  are  nearly  pi  out  of  phase  over 
most  of  the  fitting  range.  As  a  result,  the  two  waves  .beat  against  each  other,  interfering 
destructively.  This  result  suggests  that  the  square  pyramidal  coordination  enviroriment 
may  present  a  problematic  geometry  for  EXAFS  analysis,  especially  when  a  limited  k- 
space  range  is  used  in  the  fit.  The  sigma  value  for  the  K2Ti205  structure  is  quite  large 
and  is  consistent  with  the  large  distribution  of  Ti-0  bond  lengths  determined  for  this 

structare. 

The  best  fits  to  the  two  CsTiSi^O.,.  unknowns  result  in  five  oxygens  at  1.93  A.  This  Ti- 
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o  distance  is  consistent  with  the  results  of  Pei  (1 0)  who  found  that  compounds  with  5- 
fold  coordinate  Ti  had  Ti-0  bond  distances  of  1.90  A  or.greater  whereas  4-fold  and  6- 
fold  coordinate  and  Ti  compounds  are  typified  by  1.76  to  1 .81  A  and  1.95  to  2.00  A  T- 
O  bond  lengths,  respectively.  The  similarity  of  the  Ti-0  environments  for  the  two 
CsTiSiaOgs  compounds  is  remarkable  considering  that  the  powder  XRD  for  these 
samples  indicate  that  the  CsTiSi20e.5A  sample  is  x-ray  amorphpus  and  the  CsTiSi20s.sB 
sample  is  fully  crystalline.  This  suggests  that  the  local  Ti-0  environment  forms  early  in 
•the  crystallization  sequence  of  these  compounds.  Sigma  is  quite  large  for  both 
sarnples  indicating  that  there  is  significant  variability  in  the  Ti-0  bond  lengths.  A 
comparison  of  the  fitted  EXAFS  to  the  back  Fourier  transforms  is  shown  in  Figure  9. 


Conclusions. 

Based  of  the  energy  of  the  inflection  point  of  the  Ti  K-edge  absorption  feature,  the 
oxidation  state  of  Ti  in  the  CsTiSi2.0s.s  samples,  is  Tl^'^  Analysis  of  the  XANES  spectra 
strongly  indicate  that  the  Ti  in  the  two  CsTiSi206.5  samples  is  5-fold  coordinate  and  this 
resultis  supported  by.  the  analysis  EXAFS  data.  Comparison  of  the  fitting  results  of  the 
Ti  standards  to  the  metrical  parameters  suggests  that  once  the  EXAFS  are  corrected 
for  self-absorption  effects  the  number  of  oxygens  can  be  determined..  For  5-fold 
coordinate  Ti  compounds,  a  determination  of  the  disorder  associated  with  the  TI-0 
bond  lengths  in  each  structure  may  not  be  possible  due  to  destructive  interference  of 
EXAFS  scattering  amplitudes  from  the  short  Ti-0  bond  distance  and  the  longer  Ti-0 
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bonds.  However,  the  intensity  and  energy  of  a  pre-edge  feature  in  the  XANES  can  be 
used  to  separate  4-,  5-,  and  6-foId  coordinate  Ti  compounds  reliably. 

The  similarity  of  the  Ti-0  environments  for  the  amorphous  and  fully  crystalline 
CsTiSiaOss  samples  suggests  that  the  local  Ti-0  environment  forms  early  in  the 
crystallization  sequence  for  these  compounds.  This  results  contrasts  with  the  EXAFS 
result  for  the  local  Cs-0  environment.  Only  the  fully  crystalline  CsTiSijOg^  sample 
showed  strong  similarity  to  the  aluminosilicate  standard  pollucite.  This  suggests  that 
the  Cs  coordination  environment  is  formed  at  the  latest  stages  of  crystallization,  a 
result  that  could  have  significant  impact  on  Cs  waste  form  synthesis. 
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F=igure  Captions. 


Figure  1 .  Ti  K-edge  EXAFS.  The  EXAFS  of  the  two  CsTiSi206.5  unkowns  are  compared 
to  the  Ti  standards.  ^ 

Figure  2.  Radial  Distribution  Function  at  Ti  K-edge.  Fourier  transforms  were 

calculated  from  2.5  to  10  using  a  Gaussian  window  of  0.5  A-'.  Note  that  peak 
postions  have  not  been  phase  corrected. 

Figure  3.  Back  Fourier  Transform  of  Ti-0  Peak.  Back  Fourier  transforms  were 

calculate  for  the  Ti-0  peak  centered  between  0.8  to  2.1  A-1.  The  real  component 
of  the  Fourier  transform  and  the  amplitude  are  plotted. 

Figure  4.  Cs  K-edge  EXAFS.  The  EXAFS  of  the  two  CsTiSi^Os^  unkowns  are  compared 
to  the  Cs  standard,  CsAISi20s  -pollucite  . 

Figure  5.  Radial  Distribution  Function  at  Cs  K-edge.  Fourier  transforms  were 

calculated  from  4.0  to  12  A*'  using  a  Gaussian  window  of  0.5  A*'.  Note- that  peak 
postlons  have  not  been  phase  corrected. 

Figure  6.  Ti  K-edge  XANES.  The  EXAFS  of  the  two  CsTiSi20s.5  unkowns.are  compared 
to  the  Ti  standards. 

Figure  7.  Gaussian  Components  Used  in. the  Curve-fit  of  Anatase  Ti-XANES. 

Anatase  XANES  from  4955  to  4990  eV  was  fit  using  a  linear  combination  of  8 
Gaussian  cun/es.  The  pre-edge  feature,  A2,  displays  a  systematic  shift  in 
intensity  and  jn  energy  with  TI  coordination  number. 

Figure  8.  Plot  of  the  Intensity  versus  Energy  of  Pre-edge  Feature  A2.  Cun/e-fit 

results  for  the  Ti  standards  and  unknowns  are  compared  to  values  found  in  the 
literature.  4-,'  5-,  and  6-coordinate  Ti  separate  into  distinct  regions  of  intensity 

and  energy. 

Figure  9.  Comparison  of  the  Fit  to  Back-Fourier  Transform  for  Ti-O.  K-space  _ 
comparison  of  the  FEFF  fitting  results  to  the  back  Fourier  transforms  of  the  i- 

shell  for  the  two  CsTiS^Oe-s  unkowns. 
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Experimental  and  Calculated  X-Ray  Powder 
Diffraction  Data  for  Cesium  Titanium  Silicate 
CsTiSijOg  s,  A  New  Zeolite 
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ABSTRACT 

Standardized  experimental  and  calculated  x-ray  powder  diffraction  data  for  a  new 
synthetic  zeolite,  cesium  titanium  silicate,  CsTiSi206.s»  are  reported.  In  additi*on,  a 
structure  model  in  space  group  Ia3d  (230),  which  is  isomorphous  with  the  mineral 
pollucite  (CsAISIaOg  *  xHzO),  is  proposed  for  CsTiSi206.5.  This  structure  model  is  the 
basis  of  the  reported  calculated  x-ray  powder  diffraction  data  for  CsTi,Si206^.  The 
experimental  pattern  for  CsTiSi206.s  shows  this  compound  crystallizes  in  a  body- 
centered  cubic  (BCC)  unit  cell  with  a  =  13.8423  (1)  A.  The  measured  value  of  the 
reference  intensity  ratio  (l/lc)  of  CsTlSi206.5  is  2.37 ,  while  the  contrasting  calculated 
value  of  l/Ic  is  4.45.  The  experimental  density  (Dm)  of  CsTiSi206.s  is  3.48  ±  0.09  g/cm  , 
in  agreement  with  the  calculated  density  (Dx)  of  3.42  g/cm^  Chemical  analysis  of 
CsTiSi206.5  by  atomic  absorption  spectroscopy  gives  its  composition  as  54  ±  2  wt%  Cs; 
23  ±  2  wt%  Ti;  23  ±  2  wt%  Si,  which  compares  favorably  with  the  theoretical  composition 
of  56  wt%  Cs;  20  wt%  Tl;  24  wt%  Si. 

KEYWORDS 
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I.  INTRODUCTION 


Metastable  and  stable  phase  development  from  amorphous  precursors  in  the  system 
Cs20-Ti02-Si02  has  recently  been  investigated  by  Balmer  and  Bunker  (1995).  During 
the  course  of  that  work,  a  new,  stable  ternary  phase  was  discovered.  CsTiSi206.s.  This 
new  compound  Is  an  isomorph  of  the  zeolitic  mineral  pollucite  (CsAISiaOg  XH2O),  which 
has  the  International  Zeolite  Association  (IZA)  structure  type  ANA  (analcime-type). 

Potential  applications  of  CsTiSi206.s  include  its  proposed  use  as  a  form  for  containing 
radioactive  Cs,  a  prevalent  constituent  of  high-level  defense  nuclear  wastes  currently 
under  study  for  remediation  at  Hanford,  Washington  and  at  other  former  nuclear 
weapons  production  sites  in  the  United  States.  Incorporating  radioactive  Cs  in 
CsTiSiaOgj  for  long-term  storage  is  expected  to  be  a  viable  alternative  to  vitrification  and 
related  proposed  methods  of  nuclear  waste  treatment.  Thus  applied,  CsTiSi206.5  has 
the  potential  benefit  of  facilitating  the  treatment  of  radloactive  Cs-loaded  nuclear  wastes 
that  also  incorporate  high  concentrations  of  Ti-bearing  compounds.  In  contrast, 
vitrification  schemes  are  generally  limited  in  application  to  the  treatment  of  nuclear 
wastes  that  are  Ti-l_oaded  on  the  order  of  only  a  few  weight  percent.  At  higher  Ti 
concentrations,  solidified  melts  from  vitrification  processes  typically  Include  crystallized 
Ti-bearing  by-products  that  generally  cause  instability  of  the  resulting  waste  glass  forms. 

While  further  study  of  the  application  of  CsTiSi206.s,fo  Cs  remediation  in  high-level 
defense  nuclear  wastes  is  Indicated,  and  additional  characterization  of  CsTiSi206.5  is 
planned,  the  purpose  of  this  paper  is  to  present  standardized  experimental  and 
calculated  x-ray  powder  diffraction  (XRPD)  data  for  CsTiSi206.s-  1^®  present  study  also 


proposes  a  zeolitic,  BCG  (Ia3d)  structure  model  analogous  to  pollucite  for  CsTiSi206.s. 

A  discussion  of  the  substitution  of  Al^  in  pollucite  by  TT*^ ,  and  of  the  proposed  structure 
model  for  CsTiSi206.s,  is  also  presented. 

n.  SAMPLE  PREPARATION 

A.  Synthesis 

An  amorphous,  homogenous  precursor  of  CsTiSi206.s  was  synthesized  using 
titanium  and  silicon  alkoxides  (tetraisopropyl  orthotitanate,  TIOT,  and  tetraethyl 
orthosilicate,  TEOS)  and  cesium  hydroxide.  The  alkoxides  were  mixed  in  a  glove  bag 
under  nitrogen,  after  which  a  mixture  of  CsOH,  water,  and  ethanol  was  added.  The 
hydrolyzed  precursor  was  stirred  for  a  minimum  of  15  h,  then  dried  In  air  at  room 
temperature.  Subsequent  TEM/EDS  and  XRPD  analyses  showed  the  stoichiometric 
precursor  was  both  homogeneous  and  amorphous.  Approximately  0.5  g  of  the 
precursor  material  was  then  heat-treated  in  a  Pt  crucible  in  air  to  produce  crystalline 
CsTiSUOas. 

Two  heat  treatment  schemes  applied  to  the  precursor  yielded  crystalline  CsTiSi206.s.  In 
the  first  scheme,  the  precursor  was  heated  from  room  temperature  to  800°C  at  5  C/min, 
then  held  for  at  800“C  for  a  minimum  of  1  h.  Here,  the  onset  of  crystalline  CsTiSi206.5 
formation  was  observed  at  750*0,  while  full  crystallization  occurred  at  800*C.  Upon 
further  heating,  the  sample  incongruently  melted  at  980*C.  In  the  second  scheme,  the 
stoichiometric  precursor  was  melted  at  1200*C,  then  quenched  to  form  a  clear  glass. 
The  quenched  glass  was  then  ground  to  fine  powder  and  heat-treated  at  800*C  for  30  h. 
Both  methods  produced  crystalline  CsTiSi206.s  in  an  opaque,  white,  solid  bulk  form.  The 


second  preparation  scheme  was  used  to  generate  the  sample  material  for  the  present 
study. 

III,  SPECIMEN  PREPARATION  AND  DIFFRACTION  DATA  COLLECTION 

The  CsTiSl206j  study  sample  was  prepared  for  XRPD  analysis  by  manually  grinding  the 
bulk  material  with  an  agate  mortar  and  pestle,  followed  by  sieving  to  -325  mesh  (<45 
jim)  particle  size.  Specimens  were  mounted  In  a  front-loading,  shallow-cavity  holder 
fabricated  from  low-background,  off-axis,  single-crystal  quartz  by  the  Gem  Dugout, 

State  College,  PA.  Data  collection  was  performed  at  room  temperature  (26  ±  2‘’C),  with 
and  without  any  internal  standard.  For  the  standardized  measurement,  silicon  (NIST 
SRM  640b)  was  added  as  an  internal  d-spacing  standard.  A  50/50  weight  mixture  of 
CsTiSizOe^  and  corundum  (NIST  SRM  674)  was  used  to  measure  the  relative  intensity 
ratio’  (I/lc).  A  summary  of  the  Instrumental  conditions  and  diffraction  scan  parameters 
used  in  this  study  appears  In  Table  1. 

IV.  RESULTS  AND  DISCUSSION 

A.  Experimental  Diffraction  Data  for  CsTiSl206j 

The  unstandardized,  experimental  CsTiSi206.5  x-ray  powder  pattern  is  illustrated  in 
Rgure  1 .  The  standardized  experimental  powder  diffraction  data  for  CsTiSi206j  appear 
in  Table  2.  The  reported  experimental  peak  positions  and  d-spacings  were  corrected  for 
29  error  by  comparing  the  measured  and  certified  positions  of  the  Internal  d-spacing 
standard  (NIST  SRM  640b),  followed  by  applying  the  resultant  second-order  correction 
curve  to  the  original  position  data.  Note  that  the  experimental  peak  positions  and  d- 


spacings  shown  in  parentheses  in  Table  2  were  obscured  by  overlapping  peaks  of  the 
internal  d-spacing  standard  and  were  therefore  calculated  on  the  basis  of  the  refined 
unit  cell  structure.  The  reported  experimental  intensities  were  the  observed  peak  -- 
heights  after  background  subtraction  and  were  derived  from  the  unstandardized 
diffraction  pattern  of  CsTiSi206.s.  In  addition,  the  reported  experimental  intensities  were 
corrected  to  the  fixed-slit  approximation  using  the  1/sin0  function  resident  in  the  x-ray 
powder  pattern  processing  code  JADE+.  Ver.  2.1  (Materials  Data,  Inc.,  MDI,  Uvermore, 
CA).  Lastly,  note  that  no  diffraction  peaks  occur  for  CsTiSiaOe^  below  the  reported 
cutoff  (8.84  A,  or  1 0“  20  under  Cu  radiation). 

B.  Unit  Cell  Refinement 


Initial  inspection  of  experimental  powder  data  for  CsTiSiaQs^  revealed  its  similarity  to 
reference  diffraction  data  for  the  mineral  pollucite  (CsAISIaOs  ‘  xHzO,  PDF  15-317, 

25-1 94,  29-407).  Because  the  crystal  structure  of  pollucite  is  a  body-centered  cubic 
(BCC)  unit  cen,  space. group  Ia3d  (230)  with  a  =  13.69  A  (Beger,  1969),  an  analogous 
structure  solution  was  sought  for  the  experimental  diffraction  pattern  of  CsTiSi206.s- 
Rrst,  the  20  error-corrected  experimental  d-spacings  were  indexed  using  the  Louer 
algorithm-based  code  included  in  Micro-INDEX,  Ver.  2.0  (MDI,  Uvermore,  CA).  The  hkl- 
space  search  was  limited  to  the  cubic  system  with  an  input  maximum  lattice  parameter 
of  a  =  20  A  and  Input  unit  cell  volume  limits  of  2400-2800  Al  The  unit  cell  solution  from 
indexing  was  a  =  13.841  A,  with  F(50)  =  29(0.006,271)  and  M(50)  =  20.2.  Next,  the 
lattice  parameter  result  from  indexing  and  the  20  error-corrected  experimental 
d-spacings  were  input  to  the  Appleman-Evans  algorithm-based,  auto-indexing  cell 
refinement  program  resident  in  Micro-CELLREF,  Ver.  2.0  (MDI,  Uvermore,  CA).  The 


r6finGmsnt  cods  sxscutsd  fiys  Isast-squarss  cyciss  to  rsach  convsrQsncs  with  an  input 
20-errbr  limit  of  0.03“.  The  final,  refined  lattice  parameter  was  a  =  13.8423  (1)  A. 

C.  Observed  Non-Space  Group  Peaks 

In  addition  to  the  diffraction  data  presented  in  Table  2,  the  CsTiSi206.s  study  specimen 
also  produced  four  weak,  unindexed  peaks.  The  29  error-corrected 
d-spacings  and  relative  intensities  of  the  unindexed  peaks  were:  3.6355  A,  2%;  3.5332 
A,  2%;  3.2665  A,  <1%;  and  3.0228  A,  <1%.  The  unindexed  peak  at  3.5332  A  indicated 
the  possible  presence  of  a  small  amount  of  Anatase,  TiOa  (PDF  21-1272),  in  the 
sample.  However,  the  match  of  this  peak  to  reference  powder  data  for  Anatase  was  not 
determinative  and  may  have  been  only  coincidental.  The  peak  at  3.2665  A  could  be 
indexed  as  (330),  but  this  reflection  is  extinct  in  space  group  Ia3d  (230).  As  such,  this 
peak  may  have  been  evidence  of  some  ordering  phenomenon  In  the  CsTiSi206.s 
structure,  but  was  otherwise  unfdentifiable.  Similariy,  the  two  remaining  weak  peaks  at 
3.6355  A  and  3.0228  A  could  not  be  positively  matched  to  any  reference  data  In  the 
ICDD  Powder  Diffraction  Rie  database  (Sets  1-45, 1995). 

D.  Calculated  Diffraction  Data  for  CsTiSi206j 

X-ray  powder  diffraction  data  for  CsTiSi206.s  were  calculated  using  Micro-POWD,  Ver. 
2.3  (MDI,  Uvermore,  CA).  The  basis  of  the  calculated  pattern  was  the  proposed 
structure  model  for  CsTiS^Osj  shown  in  Table  3.  This  structure  model  resulted  from  a 
separate  study  involving  Rietveld  refinement  of  neutron  powder  diffraction  data  for 
CsTiSi206.5  (Balmer  etal.,  1996a).  A  discussion  of  Ti  substitution  in  pollucite  and  the 
rationale  for  the  proposed  structure  model  for  CsTiSi206.s  is  presented  below.  Other 


inputs  to  Micro-POWD  included  the  experimental  refined  lattice  parameter  for 
CsTiSi206.s,  Philips-type  FWHM  peak  widths,  and  Pearson  VI I  peak  profiles.  Also  input 
were  fixed  slits  and  the  20  value  for  a  graphite  diffracted  beam  monochromator  (26J38'’). 
In  addition,  neutral  scattering  factors  were  used  to  calculate  the  powder  pattern  for 
CsTiSiaOg^  because  bonding  mechanisms  in  compounds  of  this  type  are  typically 
predorninantly  covalent.  Anomalous  dispersion  corrections  were  also  applied.  The 
resultant  calculated  diffraction  data  for  CsTiSi20s.s  appear  along  with  the  experimental 
data  in  Table  2.  The  calculated  intensities  reported  therein  were  the  calculated  peak 
heights.  The  Miller  indices  (hkl)  shown  In  Table  2  also  resulted  from  the  Micro-POWD 
calculations. 

A  graphical  comparison  of  the  experimental  and  calculated  x-ray  powder  data  for 
CsTiSiaOsj  is  shown  in  Rgure  2.  This  figure  was  constructed  using  the  pattern 
simulation  option  in  JADE+  (MDI)  and  the  experimental  and  calculated  d-spacings  and 
intensities  from  Table  2.  Acceptable  agreement  of  the  experimental  and  calculated 
patterns  of  CsTiSi206.5  is  illustrated  in  Rgure  2  by  the  plotted  difference  pattern. 

E.  Relative  Intensity  Ratio  (I/Ic) 

Three  separate  mounted  specimens  of  a  50/50  weight  mixture  of  CsTiSi206.s  snd  NIST 
SRM  674  (corundum)  were  scanned  to  determine  the  relative  intensity  ratio  (1/Ic).  After 
background  subtraction  and  correction  of  intensity  by  1/sin0,  the  experimental  value  of 
l/lc  was  taken  as  the  ratio  of  the  height  of  the  (400)7100%  peak  of  CsTiSi206.s  to  the 
height  of  the  (1 13)7100%  peak  of  corundum.  The  resulting  average  experimental  value 
of  l/ic  for  CsTiSi206.s  was  2.37  (Table  2).  In  contrast,  the  calculated  value  of  I/Ic  output 
from  Micro-POWD  (for  fixed  slits)  was  4.45. 


Because  of  the  stark  discrepancy  between  the  experimental  and  calcuiated  values  of  l/lc 
for  CsTiSi206.5,  an  additional  trial  measurement  of  l/lc  was  performed.  A  review  of  both 
the  experimental  procedures  used  and  the  inputs  to  Micro-POWD  concluded  that  the 
relatively  large  particle  size  of  the  study  specimen  (<45  pm)  may  have  accounted  for  the 
disagreement  between  the  experimental  and  calculated  values  of  l/lc.  Accordingly,  a 
second  subsample  of  CsTiSi208.s  was  ground  to  a  measured  particle  size  of  2-3  pm 
using  a  McCrone  Micronizing  Mill  and  mixed  50  wt%  with  corundum.  A  scan  of  this 
50/50  weight  mixture  of  CsTiSl208.5  and  corundum  confirmed  the  original  experimental 
result  for  l/Ic  obtained  from  the  -325  mesh  study  specimen. 

Because  the  discrepancy  between  the  experimental  and  calculated  values  of  l/Ic  for 
CsTiSl20s.s  persisted,  a  cross-check  of  these  results  using  natural  mineral  pollucite  was 
performed.  The  pollucite  sample  obtained  for  this  purpose  contained  minor  impurities, 
but  was  deemed  suitable  for  measuring  l/lc.  The  pollucite  sample  was  mill-ground  to  2- 
3  pm  particle  size  and  mixed  50  wt%  with  SRM  674  (corundum).  The  relative  intensity 
ratio  for  the  standardized  pollucite  specimen  was  then  measured  under  the  same 
conditions  as  was  l/lc  of  the  study  material.  This  experiment  resulted  in  a  value  of  l/lc 
for  pollucite  of  1.93.  Note  that  using  Micro-POWD  and  crystal  data  for  pollucite 
according  to  Beger  (1969),  the  contrasting  calculated  value  of  l/lc  (for  fixed  slits)  was 
4.70. 


Rnally,  l/lc  for  CsTiSUOs^  was  calculated  using  Micro-POWD  with  the  input  parameters 
including  a  20  compensating  slit,  as  was  integral  with  the  study  diffractometer.  This 
resulted  in  a  calculated  value  of  l/lc  for  CsTiSi206^  of  2.45,  which  more  closely  agreed 
with  the  experimental  value  of  l/lc  of  2.37.  Accordingly,  it  appeared  likely  that  the 


observed  discrepancies  between  the  experimental  and  calculated  values  of  l/lc  for 
CsTiSi206.s  and  for  mineral  pollucite  were  due  in  large  measure  to  artifacts  of  the 
beamline  of  the  study  diffractometer.  Alternatively,  other  experimental  errors  may  h^e 
contributed  to  the  discrepancy  between  the  observed  and  calculated  values  of  I/Ic. 
Because  experimental  confirmation  of  the  source  of  the  discrepancy  between  the 
observed  and  calculated  values  of  I/lc  was  not  practicable,  the  reported  calculated  value 
of  l/lc  of  4.45  (for  fixed  slits)  may  be  interpreted  as  best  representing  the  actual  value  of 
l/lc  for  CsTiSiaORs- 

F.  Density  (Dm,  Dx) 

The  density  (Dm)  of  CsTiSi206.s  was  measured  by  the  helium  expansion  ratio  method  in 
six  trials  at  3.48  ±  0.09  g/cm®.  The  calculated  density  (Dx)  of  CsTiSiaOs^,  derived  from 
the  output  of  Micro-POWD,  was  3.42  g/cm^  which  agreed  with  the  experimental  value 
within  the  error  limits. 

G.  Chemical  Analysis 

Chemical  analysis  was  performed  on  the  CsTiSi206.s  study  sample  dissolved  in  a 
mixture  of  nitric  and  hydrofluoric  acid.  Analysis  of  Cs,  Tl,  and  Si  content  in  the  dissolved 
sample  by  atomic  absorption  spectroscopy  yielded  54  ±  2  wt%  Cs;  23  ±  2  wt%  Ti, 

23  ±  2  wt%  Si  (excluding  oxygen).  These  results  were  in  good  agreement  with  the 
theoretical  elemental  composition  of  CsTiSi206.s  (56  wt%  Cs;  20  wt%  Ti;  24  wt%  Si),  and 
were  confirmed  by  semi-guantitative  analysis  of  the  bulk  study  material  by  SEM/EDX. 


H.  Ti  Substitution  in  Pollucite 


Th6  mineral  pollucite  can  be  expressed  by  the  general  chemical  formula 
CSxNayAUySUx^Oge  •  (16-x)H20, 

and  Is  a  network  aluminosilicate  containing  interconnected  4-  and  6-membered  rings 
(Beger,  1969).  Pollucite  has  been  further  described  as  a  member  of  a  series  related  to 
analcime,  Na(Si2AI)06  •  H2O  (Nel,  1944).  According  to  that  work,  Na,  together  with 

H2O,  can  substitute  for  Cs  in  pollucite.  In  the  analcime  framework  (Ia3d),  A1  and  Si  are 
distributed  on  the  48g  positions,  with  oxygen  atoms  on  the  96h  sites  (Beger,  1969; 
Naray-Szabo,  1938).  In  pollucite,  Cs  occupies  large  cages  centered  around  16b  at 
1/8, 1/8, 1/8.  Additionally,  the  16b  sites  in  pollucite  are  coordinated  by  12  oxygens 
(Newnham,  1 967;  Naray-Szabo,  1 938;’  Beger,  1 969). 

While  direct  substitution  of  Al®*  in  this  framework  by  Ti^  would  satisfy  charge 
constraints,  it  is  extremely  unlikely  that  Ti^  formation  would  occur  in  the  oxidizing 
conditions  under  which  the  CsTiSi20s.s  study  sample  was  synthesized.  Furthermore,  the 
distinctly  remote  possibility  of  direct  substitution  of  Tl^  for  Al^  in  the  pollucite  lattice  . 
was  eliminated  by  analysis  of  the  study  material  using  x-ray  photoelectron  spectroscopy 
(XPS),  which  showed  the  Ti  atoms  in  CsTiSi206.s  present  primarily  in  the  +4  oxidation 
state  (Hess  and  Balraer,  1996). 

Substitution  of  AI^  in  pollucite  by  TT^  requires  the  addition  of  eight  oxygen  ions  per  unit 
cell  for  charge  balance.  The  results  of  Rietveld  refinement  of  neutron  diffraction  data  for 
CsTiSi208.5  place  these  eight  additional  oxygen  atoms  at  sites  slightly  distorted  from 
16a,  as  shown  in  Table  3  (Balmer  etal.,  1996a).  Such  siting  of  the  additional  oxygen 


atoms  places  them  within  the  Ti  coordination  sphere,  which  would  result  in  fivefold 
coordination  of  the  nearby  Ti  atoms.  Confirmation  of  these  results  was  by 
complementary  analysis  of  the  local  structure  of  Ti  in  CsTiSi206.s  by  extended  , 
adsorption  fine  structure  (EXAFS),  extended  adsorption  near  edge  structure  (EXANES), 
and  Raman  spectroscopy,  all  of  which  showed  Ti  present  in  both  fourfold  and  fivefold 
coordination  with  oxygen  (Hess  and  Balmer.  1996).  Combined  with  the  results  of  ""Si 
MAS  NMR  analysis,  these  results  also  showed  that  the  additional  oxygen  atoms 
coordinate  half  of  the  Ti  atoms  as  non-bridging  oxygens  (Balmer  et  ai,  1996b).  That  Is. 
in  eight  of  the  1 6  sites  in  the  unit  cell,  Ti  is  fivefold  coordinated  by  oxygen.  The 
remaining  eight  Ti  atoms  in  the  unit  cell  of  CsTiSi206.5  are  in  fourfold  coordination. 
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TABLE  1.  Instrumental  Conditions  and  Diffraction  Scan  Parameters 


INSTRUMENTAL  CONDITIONS 


Goniometer 
X-ray  Source 
Power 
Radiation,  X 
Monochromator 
Counter 
Seller  Slits 
Divergence  Slit 
Receiving  Slit 


Philips  Type  PN3550/0OX,  Vertical 
Rxed-Anode  LFF  Cu  Tube 
40  kV.  45  mA  (1800  W) 

CuKal,  1.540598  A 

Graphite 

Scintillation 

Employed  on  incident  beam  side  only 

Variable 

Rxed,  0.2  mm 


DIFFRACTION  SCAN  PARAMETERS 


29  Range 


Scan  Rate 


Comments 


10-130“ 


0.02*  /10s  No  internal  standard  us^. 

No  peaks  observed  below  1 0®. 


10-130* 


0.02*  /  30  s  SRM  640b  (SO  added  as  internal 

d-spacing  standard. 


20-30*;  40-50' 


0.02*/3s 


SRM  674  (Corundum)  added  for 
l/Ic  measurements. 


TABLE  II.  Experimental  and  Calculated  X-ray  Powder  Diffraction  Data  for  CsTiSi208j. 


Cesium  Titanium  Silicate 

CsTiSi2O0^ 

Radiation:  CuKa1 

Cutoff:  8.84 

X:  1.540598  A 

Int:  Diffractometer 

RIten  Monochromator  , 

l/lc  (obs):  2.37 

d-sp:  Diffractometer 

l/lc  (calc):  4.45 

System:  Cubic 

a:  13.8423(1) 

Dx:  3.42 

SS/FOM:  F(50)  =  29(0.006,  271) 

Space  Group:  Ia3d  (230) 

Z:16 

D„,:  3.48 

Color  White 

20ob3 

lota  h  k  1 

29calc  ^^^calc 

fcaic 

15.670 

5.6505 

4 

2  1  1 

15.66 

5.651 

6 

18.120 

4.8919 

1 

220 

•  18.12 

4.894 

1 

24.040 

3.6989 

48 

321 

24.04 

3.700 

50  , 

25.720 

3.4610 

100 

400 

25.72 

3.461 

100 

28.812 

3.0962 

2 

420 

28.82 

3.095 

1 

30.263 

2.9509 

45 

332 

30.26 

2.951 

42 

31.637 

2.8258 

1 

422 

31.64 

2.826 

<1 

32.975 

2.7141 

4 

431 

32.96 

2.715 

2 

35.500 

2.5267 

6 

521 

35.50 

2.527 

8 

36.704 

2.4465 

26 

440 

36.70 

2.447 

33 

40.129 

2.2453 

12 

61  1 

40.12 

2.246 

15 

41.207 

2.1890 

■  <1 

620 

41.22- 

2.189 

1 

42.286 

2,1356 

<1 

541 

42.28 

2.136 

<1 

44.352 

2.0408 

7 

631 

44.34 

2.041 

8 

45.367 

1.9975 

4 

444 

45.36 

1.9980 

5 

46.346 

1.9575 

1 

543 

46.34 

1.9576 

<1 

(47.317) 

(1.9196) 

1 

640 

47.32 

1.9196 

1 

48.287 

1.8833 

14  • 

721 

48.28 

1.8837 

16 

49.224 

1.8496 

<1 

642 

49.22 

1.8498 

<1 

51.986 

1.7576 

13 

651 

51.98 

1.7580 

16 

52.885 

1.7299 

,  3 

800 

52.88 

1.7303 

,  4 

53.767 

1.7035 

2 

741 

53.76 

1.7039 

1 

54.631 

1.6786 

<1  • 

820 

54.62 

1.6786 

<1 

55.508 

1.6541 

2 

65  3 

55.50 

1.6545 

3 

(56.353) 

(1.6314) 

<1 

660 

56.36 

1.6313 

.<1 

57.210 

1.6089 

1 

831 

57.20 

1.6091 

1 

58.886 

1.5671 

2 

752 

58.88 

1.5673 

3 

59.708 

1.5474 

4 

840 

59.70 

1.5476 

6 

61.342 

1.5101 

<1 

842 

62.147 

1.4924 

2 

921 

62.14  . 

1.4927 

4 

62.934 

1.4756 

<1 

6  6  4 

62.94 

1.4756 

<1 

63.744 

1.4588 

<1 

754 

63.74 

1.4591 

<1 

65.308 

1.4276 

2 

932 

65.30 

1.4277 

4 

66.088 

1.4127 

2 

844 

66.08 

1.4128 

3 

66.853 

1.3983 

<1 

941 

96 


67.617 

1.3844 

<1 

860 

67.62 

1.3842 

<1 

68.390 

1.3706 

3 

772 

68.40 

1.3706 

4 

71.421 

1.3197 

3 

952 

71.42 

1.3198 

5 

72.904 

1.2965 

.<1 

871 

72.90 

1.2965 

<1 

73.641 

1.2853 

<1 

74.384 

1.2743 

1 

961 

74.38 

1.2743 

1 

(75.853) 

(1.2532) 

<1 

873 

77.319 

1.2331 

1 

963 

77.32 

1.2332 

2 

78.042 

1.2235 

<1 

880 

78.04 

1.2235 

1 

80.205 

1.1958 

1 

11.3.2 

80.20 

1.1958 

3 

81.644 

1.1784 

<1 

875 

81.64 

1.1783 

<1 

83.084 

1.1615 

<1 

965 

83.08 

1.1616 

<1 

83.799 

1.1534 

1 

12.0.0 

83.80 

1.1535 

1 

85.925 

1.1303 

<1 

11.5.2 

85.92  • 

1.1302 

2 

88.777 

1.1012 

<;!  • 

11.6.1 

88.78 

1.1012 

1 

89.482 

1.0943 

<1 

12.4.0 

89.48 

1.0943 

1 

90.178 

1.0877 

<1 

11.5.4 

90.889 

1.0810 

<1 

12.4.2 

91.606 

1.0744 

<1 

992 

91.62 

1.0744 

1 

94.448 

1.0494 

<1 

11.7.2 

94.46 

1.0494 

1 

(95.165) 

(1.0434) 

<1 

12.4.4 

95.16 

1.0434 

1 

96.584 

1.0318 

<1 

12.6.0 

97.305 

1.0261 

<1 

10.9.1 

97.30 

1.0261, 

1 

98.736 

1.0150 

<1 

13.4.1 

100.174 

1.0043 

<1 

10.9.3 

100.18 

1.0042 

<1 
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100.906 

0.9990 

<1 

888 

100.90 

0.9990 

<1 

101.614 

0.9939. 

<1 

12.7.1 

103.079 

0.9837 

<1 

14.1.1 

103.08 

0.9837 

1 

106.005 

0.9645 

1 

11.9.2 

106.02 

0.9644 

1 

12.8.0 

106.76 

0.9598 

•<1 

108.988 

.  0.9463 

<1  • 

13.6.3 

108.98 

0.9462 

<1 

112.009 

0.9291 

<1 

11.10,1  . 

112.02 

0.9290 

1 

112.790 

0.9249 

<1 

12.8.4 

112.78 

0.9249 

1 

115.103 

0.9128 

<1 

14.5.3 

115.12 

0.9127 

1 

118.281 

0.8973 

<1 

15.3.2 

118.30 

0.8973 

<1 

121.569 

0.8826 

<1 

11.10.5 

121.58 

0.8826 

<1 

124.965 

0.8686 

<1 

13.7.6 

124.96 

0.8685 

1 

15.6.1 

128.52 

0.8552 

<1 
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TABLE  III,  Proposed  Structural  Model  for  CsTiSi208.s. 


Space  Group:  Ia3d  (230) 

a; 

13.8425  (1) 

2: 16 

Atom 

X 

z 

Wvckoff  Position 

Occuoancv 

iiso 

Cs 

0.125 

0.125 

0.125 

16b 

1 

4.0 

Ti 

0.661 

0.589 

0.125 

4ag  • 

1/3 

6.3 

Si 

0.661 

0.589 

0.125 

48g 

2/3 

6.3 

0(1) 

0.1042(2)  ■ 

0.1349(3) 

0.7175  (3) 

96h 

1 

* 

0(2) 

0.706 

0.062 

0.021 

96h 

0.060  (4) 

4.8 

0(3) 

0.791 

0.205 

0.235 

96h 

0.023  (4) 

4.8 

•  B(1 ,1 )  =  8.8  (3);  B(2,2)  =  8.0  (3);  B{3,3)  =  4.2  (2) 
B(1 ,2)  =  1 .6  (2):  B(1 ,3)  =  1 .6  (2);  B(2.3)  =  0.5  (2) 


Reference:  Balmer  et  al.,  (1996a). 
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Rgure  2.  Experimental  vs.  Calculated  X-ray  Powder  Diffraction  Data  for  CsTiSi206.s- 
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Immobilization  of  High-Level  Radioactive  Sludges  in  Iron  Phosphate  Glass 

Abstract 

•  Iron  phosphate  wasteforms  made  by  vitrifying  four  Hanford  high-level 
radioactive  waste  sludges  were  investigated.  Determining  the  maximum  amoilnt  of 
sludge  that  could  be  incorporated  in  the  iron  phosphate  wasteform  along  with  an 
evaluation  of  the  chemical  durability  of  the  wasteform  was  the  prime  focus  of  this 
study.  The  density,  thermal  expansion  coefficient,  dilatometric  softening 
temperature,  and  crystallization  temperature  of  the  wasteforms  were  also  measured. 

Up  to  60  wt%  of  the  C-112  sludge,  50  wt%  of  the  B-110  and  T-111  sludges,  and 
20  wt%  of  the  C-106  sludge  could  be  virtified  with  an  iron  phosphate  glass  at 
<1200°C  in  a  short  time  (~1  hour).  The  dissolution  rate  of  the  glassy  wasteforms  in 
distilled  water  at  90°C  was  10'^  to  10'^  g/cm^/min  which  was  equivalent  to,  or  lower 
than  that  of  three  borosilicate  waste  glasses,  the  R7T7  glass  developed  in  France,  the 
.  CVS-IS  glass  developed  at  Pacific  Northwest  National  Labs  (PNNL),  and  the  DWPF- 
EA  glass  developed  at  the  Savannah  River  Laboratory  (SRL).  The  excellent  chemical 
durability  of  the  glassy  iron  phosphate  wasteform  was  retained  even  after 
crystallizing  the  glass  for  24  hours  at  temperatures  between  650  and  750®C. 

Wasteforms  made  with  7  wt%  CaF^  in  the  batch  melted  at  a  lower 

temperatxire  and  had  a  lower  melt  viscosity,  but  about  the  same  chemical  durability. 
Adding  CaFj  to  the  batch  caused  a  small  amount  of  phase  separation  and 

crystallization  to  occur  in  the  glassy  wasteform  in  some  cases  which  in  turn 
increased  the  tendency  for  the  wasteform  to  crystallize.  Although  the  crystallization 
tendency  was  increased,  crystallized  wasteforms  made  with  CaFj  had  a  lower 
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dissolution  rate  (10'^  g/cmVmin)  in  distilled  water  at  90°C  than  crystallized 
wasteforms  not  made  with  CaF2  (10'®  g/ cm^/ min). 
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Introduction 


The  Hanford  site  in  Washington  State  was  originally  built  in  the  early  1940's 
to  produce  plutonium  for  the  nation’s  first  atomic  weapons.  Throughout  its  years 
of  operation  during  and  after  WWII,  approximately  1.4  billion  cubic  meters  of 
hazardous  and  radioactive  wastes  were  generated.^  Some  of  these  wastes  were 
discharged  into  the  ground,  air,  and  water,  but  the  majority  of  the  high  level  wastes 
(HLW)  have  been  temporarily  stored  in  large,  underground  metal  tanks  awaiting 
permanent  disposal.  In  the  1980's  Hanford  was  closed  as  a  production  facility  as 
large  stock  piles  of  nuclear  weapons  were  no  longer  needed,  but  the  HLW  from  the 
previous  years  still  remained.  In  1989,  Hanford  undertook  a  new  mission-to 
permanently  dispose  of  the  nuclear  wastes  accumulated  during  the  previous  50 
years. 

The  Hanford  site  contains  approximately  two  thirds  of  all  of  the  Department 
of  Energy’s  (DOE’s)  high-level  waste.  ^  The  HLW  at  tlie  Hanford  site  is  present  in 
many  forms  including  liquids,  sludges,  and  salt  cakes  most  of  which  are  stored  in 
large  single  or  double  wall  steel  tanks.  Each  steel  tank  can  hold  from  500,000  to  1.1 
million  gallons  of  waste.  The  primary  problem  at  Hanford  stems  from  the  fact  that 
the  HLW  contained  in  these  tanks  is  chemically  corrosive  and  the  metal  tanks  now 
in  use  were  designed  only  for  temporary  storage.  Monitoring  of  the  soil  around  the 
tanks  shows  that  many  tanks  are  already  leaking  waste  into  the  ground  at  Hanford.' 
Finding  a  safe,  permanent  disposal  form  for  these  wastes  is  a  primary  concern. 

An  additional  problem  at  Hanford  is  the  variety  of  HLW  compositions  in  the 
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tanks.  HLW  accumulated  over  the  past  50  years  came  from  different  sources  and 
have  widely  varying  compositions.  The  fact  that  the  waste  composition  varies 
significantly  from  tank  to  tank  poses  the  problem  of  finding  a  permanent  disposal 
mode  that  can  accommodate  a  wide  range  of  waste  compositions. 

The  DOE  has  decided  that  the  primary  route  for  disposing  of  HLW  in  the 
United  States  is  to  vitrify  the  HLW  to  form  a  chemically  durable  glassy  wasteform. 
Vitrification  is  achieved  by  melting  a  mixture  of  the  HLW  and  other  material 
(usually  a  glass  powder  or  frit)  to  form  a  glassy  wasteform  whose  properties  satisfy 
the  stringent  requirements  for  nuclear  waste  disposal  such  as  a  high  waste  loading 
(cost  factor)  and  high  chemical  durability  (safety  factor).  The  decision  to  immobilize 
the  HLW  in  a  glassy  wasteform  rather  than  other  types  of  wasteforms,  such  as 
Synroc  or  tailored  ceramics,  was  based  on  the  favorable  properties  of  glass.  Glass  can 
contain  large  amounts  of  waste,  can  have  a  high  chemical  durability,  and  is  easy  to 
process.  Glasses  can  be  melted  continuously,  in  a  short  amount  of  time  (a  few 
hours),  at  low  temperatures  (typically  <1300”C).  This  makes  glass  easy  and  safe  to 
process  remotely,  and  at  a  reasonable  cost. 

Currently  borosilicate  glasses  are  being  investigated  for  vitrifying  many  of  the 
different  waste  compositions  at  Hanford.^  A  borosilicate  glass  is  currently  being  used 
at  the  Savannah  River  Site  and  in  other  foreign  countries  for  the  vitrification  of 
certain  HLW.^'^  Borosilicate  glasses  have  desirable  properties  for  nuclear  waste 
disposal  applications  including  a  low  melting  temperature  (1200-1300°C),  a  low 
dissolution  rate  in  distilled  water  (10'®  to  10'^  g/cm^/min)  and  a  high  waste  loading 


(typically  30  wt%).'^  Most  importantly  borosilicate  glasses  have  been  made 
commercially  for  >50  years  and  are  well  understood.  While  many  waste 
compositions  are  suitable  for  disposal  in  a  borosilicate  glass,  some  "HLW 
compositions  are  not.  Wastes  that  are  high  in  phosphorus,  fluorine,  and  heavy 
metals  (actinides)  often  have  a  low  solubility  limit^  in  borosilicate  glasses.  This  low 
solubility  can  limit  the  waste  loading  to  unreasonably  low  percentages  (costly),  or 
worse  yet,  cause  immiscible  liquids  to  form  which  increase  the  risk  of  poor  chemical 
durability. 

To  efficiently  dispose  of  the  wide  range  of  HLW  compositions  in  a  cost 
effective  manner,  it  is  likely  that  a  small  number  of  other  glasses,  which  are  capable 
of  immobilizing  those  specialized  wastes  that  are  incompatible  with  borosilicate 
glass,  will  be  required.  One  potential  candidate  is  certain  phosphate  glasses. 
Phosphate  glasses  can  contain  large  amounts  of  phosphorus,  fluoride,  and  heavy 
metals.  In  addition,  phosphate  glasses  that  contain  a  large  amount  of  Fe^O^  (~  40 

wt%)  have  a  melting  temperature  (1200°C)  and  dissolution  rate  in  distilled  water 
(10*®  to  10'^  g/cm^/min)  comparable  to  the  borosilicate  glasses.®'^ 

The  objective  of  this  work  was  to  determine  the  feasibility  of  immobilizing 
four  Hanford  tank  sludges  in  a  glassy  iron  phosphate  wasteform.  The  sludges 
selected  for  study  had  a  composition  that  was  expected  to  make  them  poorly  suited 
or  incompatible  with  borosilicate  glasses.  The  melting  temperature,  time,  and  waste 
loading  for  the  iron  phosphate  glassy  wasteforms  were  measured  for  comparison 
with  the  borosilicate  glass  wasteforms  currently  being  considered.  In  addition. 
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physical  properties  such  as  density,  thermal  expansion  coefficient,  dilatometric 
softening  temperature,  and  crystallization  temperature  of  the  sludge  containing  iron 
phosphate  glass  wasteforms  were  also  measured. 

The  bulk  dissolution  rate  of  the  glassy  and  crystallized  iron  phosphate 
wasteforms  were  measured  as  a  function  of  pH  in  HCl  (pH  2),  distilled  water  (pH  7) 
and  NH^OH  (pH  12)  at  90®C  for  up  to  16  days.  The  chemical  dissolution  of  selected 

glasses  was  also  measured  using  the  Product  Consistency  Test  (PCT).  A  mechanism 
for  the  dissolution  of  the  sludge-containing  iron  phosphate  glass  wasteforms  is 
proposed  based  on  Scanning  Electron  Microscopy  (SEM)  and  Energy  Dispersive 
Spectroscopy  (EDS)  analysis  of  the  corroded  surfaces  and  the  composition  of  the 
leachate  solution  from  the  PCT. 

Finally,  a  small  amount  of  CaF2  (7  wt%)  was  added  to  selected  batches  used  to 

prepare  the  sludge-containing  glass  wasteforms  for  the  purpose  of  determining  the 
effect  of  CaF^  on  the  melting  temperature,  glass  formation  tendency,  and  physical 

properties  of  the  resulting  glassy  wasteform. 
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Experimental 


(1)  Glass  Formation 

Four  Hanford  sludges  (C-106,  B-110,  C-112,  and  T-lll)^°  were  selected  because 
they  were  estimated  to  be  unsuitable  for  vitrification  in  a  borosilicate  glass  and  were 
representative  of  the  wide  variety  of  waste  compositions  at  Hanford.  The  sludge 
compositions  were  simplified  by  using  only  the  components  that  exceeded  1  wt%. 
(Table  1).  The  C-106  sludge  is  from  the  Purex  process  and  has  a  high  concentration  of 
Al202(18  wt%)  and  Si02  (35  wt%).  The  B-110  and  T-111  sludges  come  from  different 

steps  in  the  bismuth  phosphate  process  so  they  have  a  high  concentration  of  61203 

(30  wt%)  and  66203  (31  wt%).  The  C-112  sludge  is  also  from  the  bismuth  phosphate 

process,  but  has  large  concentrations  of  P2O5  (14  wt%)  and  UO2  (30  wt%)  since  this 

waste  is  from  the  first  cycle  of  this  process.  All  four  sludges  contain  substantial 
amounts  of  66203  (from  17  to  31  wt%)  and  three  of  the  four  sludges  contain 

substantial  Si02,  up  to  35  wt%  in  C-106. 

To  determine  how  much  of  each  sludge  could  be  vitrified  in  an  iron 
phosphate  wasteform,  fifty  gram  batches  were  melted  which  contained  20,  30,  35, 
and  40  wt%  of  each  sludge,  a  fixed  percentage  (30  wt%)  of  Fe203,  and  the  balance 

being  P2O5.  To  obtain  higher  waste  loadings  (40,  50  and  60  wt%  sludge),  the  66203 

content  was  decreased  to  10  wt%.  The  batch  composition  of  each  wasteform 
prepared  in  the  present  work  is  given  in  Tables  11  through  V. 

A  previous  study^^  on  sludge-containing  iron  phosphate  glassy  wasteforms 
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showed  that  adding  7  wt%  CaF^  to  the  batch  reduced  the  melting  temperature  by  up 

to  50°C  and  reduced  the  tendency  for  devitrification  which  allowed  more  waste  to  be 
in  the  glass  wasteform.  For  this  reason,  7  wt%  CaF^  was  added  to  the  batches 

containing  20  and  30  wt%  sludge,  see  Tables  VI  and  VII.^ 

Fifty  gram  batches  of  each  composition  in  Tables  II  to  VII  were  prepared  using 
reagent  grade  materials.*'**  All  components  except  the  P2O5  were  weighed  and 

mixed  thoroughly  in  a  glass  container.  Once  thoroughly  mixed,  and  just  prior  to 
melting,  the  P2O5  'vas  mixed  with  the  batch  because  of  its  extremely  hygroscopic 

nature.  Batches  were  charged  3  to  4  times  into  a  high  purity  alumina  crucible  at  800 
to  1000°C  and  then  melted  for  approximately  1  hour  at  1050  to  1300°C.  The  melts 
were  stirred  2  to  3  times  with  an  alumina  rod***  to  aid  in  homogenization.  Each 
melt  was  cast  into  a  steel  mold  to  produce  a  bar  1  x  1  x  4-6  cm  which  was  aimealed 
between  500  and  600°C  for  2  to  6  hours  and  slowly  cooled  to  room  temperature. 

The  batches  containing  CaF2  were  better  glass  formers  than  the  corresponding 

batches  without  CaF2.  The  batches  containing  CaF2  melted  at  lower  temperatures 
(50®C  lower)  and  the  melts  were  more  fluid.  The  wasteforms  made  with  CaF2  were 
annealed  at  lower  temperatures  as  well  (525  to  550°C). 

‘Johnson  Mathey  Alfa,  Ward  Hill,  MA 
“Fisher  Scientific  Corp.,  Fair  Lawn,  NJ 
“‘Coors  Ceramic  Company,  Golden,  CO 
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The  majority  of  the  resulting  glasses  were  black  and  opaque.  Some  of  the 
glasses  developed  a  thin  (microns)  metallic-looking  blue,  green,  or  gold  layer  on  the 
surface  after  being  cast.  This  thin  layer  could  be  removed  by  grinding  with  240  grit 
SiC  paper. 

(2)  Microstructure 

In  addition  to  visual  inspection,  the  microstructure  of  selected  glassy 
wasteforms  was  investigated  using  X-Ray  Diffraction*  (XRD)  and  Transmission 
Electron  Microscopy  (TEM).  Both  XRD  and  TEM  were  used  to  determine  if  the 
resulting  material  was  amorphous  and  homogeneous. 

(3)  Properties 

The  density,  p,  of  one  sample  of  each  of  the  glassy  wasteforms  was 
determined  by  the  Archimedes'  technique  using  distilled  water  as  the  suspending 
medium,  see  Tables  VIII  and  IX.  The  average  linear  thermal  expansion  coefficient, 
a,  and  dilatometric  softening  temperature,  T^,  were  measured  using  an  auto- 

recording  dilatometer**.  T^  was  determined  as  the  peak  of  the  expansion  curve  and 

a  was  calculated  from  the  average  slope  of  the  expansion  curve  between  250  and 
450°C  (Tables  VIII  and  IX). 

The  tendency  for  selected  glassy  wasteforms  to  devitrify  upon  heating  was 

*XRD-5  Diffractometer,  General  Electric  Company  Schenectady,  NY 
'The  Edward  Orton  Jr.  Ceramic  Foundation,  Westerville,  OH 
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studied  using  Differential  Thermal  Analysis  (DTA).  DTA  curves  were  recorded  for 
samples  heated  at  5"C/min  in  flowing  nitrogen  (50  cm^/min).  The  crystallization 
temperature,  T^,  was  taken  as  the  temperature  of  the  first  exothermic  DTA  peak 

(Tables  VIII  and  IX). 

XRD  was  used  to  determine  what  compounds  crystallized  from  the  glass 
wasteforms  after  re-heating  above  their  respective  crystallization  temperature. 
Approximately  2  gram  samples  of  bulk  glass  were  reheated  at  5"C/min  to  a  chosen 
temperature  between  650  to  750°C  and  held  for  24  hours.  The  crystallized  samples 
were  then  ground  to  a  -200  mesh  powder  and  the  diffraction  measured  from  20  =  10 

to  80°  with  CuKa  radiation.  The  diffraction  patterns  for  selected  glassy  wasteforms 

are  shown  in  Figure  1. 

(4)  Chemical  Durability 

(a)  Bulk  Dissolution  Rate:  The  bulk  dissolution  rate  of  the  glassy  and 
crystallized  wasteforms  were  measured  using  a  technique  similar  to  the  Materials 
Characterization  Center  static  leach  test  (MCC-1)^^.  Specimens  were  diamond  sawed 
from  the  annealed  bars  then  ground  with  240  grit  SiC  paper.  The  dimensions  of 
each  specimen  were  measured  and  were  approximately  1x1x1  cm.  Some  of  the 
samples  were  crystallized  by  heating  at  5°C/min  to  a  temperature  between  650  and 
750°C“for  24  hours.  It  should  be  noted  that  the  dimensions  of  crystallized  specimens 
often  changed  slightly  after  crystallization  due. to  softening  of  the  glass.  For  this 
reason,  the  dimensions  measured  before  crystallization  were  used  to  calculate  the 
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surface  area  of  the  crystallized  specimens.  The  glass  and  crystallized  specimens  were 
then  rinsed  with  distilled  water,  dried  at  120°C,  cooled  to  room  temperature,  and 
then  weighed.  Each  glass  specimen  was  suspended  by  a  thin  rayon  thread  in  a  glass 
flask  containing  lOOmL  of  HCl  (pH  2),  distilled  water  (pH  7),  or  NH^OH  (pH  12) 

(Figure  2).  The  crystallized  samples  were  only  tested  in  distilled  water.  The 
solutions  were  not  renewed  during  this  corrosion  test.  The  glass  flasks  containing 
the  wasteform  were  placed  in  a  90  ”C  oven.  Specimens  were  removed  after  2,  4,  8, 
and  16  days,  rinsed  with  distilled  water,  dried  at  120°C,  cooled,  and  weighed  (±  0.01 
mg). 

The  dissolution  rate  (Dj^)  was  calculated  from  the  measured  weight  loss  (AW) 
using  the  equation: 

Dr  =_AW  (1) 

A*  t 

where  A  is  the  surface  area  (cm^)  of  the  sample  and  t  is  the  time  (min)  that  the 
specimen  was  immersed  in  the  test  solution  at  90°C.  The  weight  loss,  AW,  is  W.  - 

Wj  where  W.  is  the  initial  weight  of  the  sample  and  W^  is  the  weight  of  the  same 
sample  after  time,  t.  Two  samples  of  each  glass  were  tested  and  the  average  Dj^ 
value  is  given  herein.  The  estimated  error  for  is  ±1  x  10'®  g/cm^/min. 

(b)  Surface  Analysis:  A  Scanning  Electron  Microscope  (SEM)*  was  used  to 
observe  the  outer  surface  of  the  immersed  glass  samples.  Energy  Dispersive 
Spectroscopy  (EDS)  was  used  to  measure  the  change  in  composition  of  the  surface  of 
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selected  wasteforms  upon  completion  of  the  bulk  dissolution  rate  test.  Each 
specimen  was  cut  in  half  and  the  composition  of  the  surface  exposed  to  the  test 
solution  was  compared  to  the  interior,  or  unexposed  composition.  This  was  done  to 
determine  if  non-uniform  dissolution  occurred,  indicating  selective  leaching  or  the 
formation  of  a  surface  layer. 

(c)  Product  Consistency  Test  (PCT):  The  PCT  also  measures  the  dissolution 
rate  of  a  glass  sample,  but  uses  a  higher  surface  area  of  glass  to  volume  of  solution 
than  an  MCC-1  type  test.  Approximately  1  gram  of  glass  powder  (-100  to  +200  mesh) 
is  mixed  with  15mL  of  distilled  water  in  a  stainless  steel  vessel  held  at  90°C  for 
seven  days.  After  completion  of  the  PCT,  the  leachate  is  filtered  and  the 
concentration  of  elements  in  solution  is  measured.  A  thorough  description  of  the 
PCT  can  be  found  in  ASTM  C  1285-94  and  was  used  when  testing  the  glasses  in  this 
study.  Ion  Coupled  Plasma-Energy  Spectroscopy  (ICP-ES)  was  used  to  analyze  the 
leachate  solutions.  The  iron  phosphate  wasteforms  were  compared  to  the 
Approved  Reference  Material  (ARM-1)^^  which  is  standard  reference  borosilicate 
glass  developed  at  Savannah  River  Laboratory. 
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Results 


(1)  Glass  Formation 

(a)  Waste  Loading:  To  determine  the  maximum  waste  loading  in  the  iron 
phosphate  glass  wasteform,  compositions  were  prepared  with  a  sludge  content  of  20, 
30,  35  and  40  wt%,  and  a  base  iron  phosphate  composition  such  that  the  final 
wasteform  would  contain  30  wt%  and  the  remainder  P2^5-  ‘content 

of  30  wt%  was  selected  since  measurements^ of  the  dissolution  rate  for 
numerous  other  iron  phosphate  glasses  indicated  such  a  wasteform  should  form  a 
glass  with  a  good  chemical- durability. 

After  the  bars  were  cast  and  annealed,  they  were  inspected  visually  to 
determine  if  they  were  glassy  or  crystallized  (Tables  II  to  V).  Those  compositions 
that  formed  a  glass  ranged  in  appearance  from  opaque  black  to  samples  with  a  thin 
(microns)  metallic-looking  blue,  green,  or  gold-colored  surface  that  was  removed  by 
grinding.  This  thin  metallic-looking  surface  has  been  observed  in  other  sludge 
containing  iron  phosphate^^  and  borosilicate  glasses^^,  although  the  cause  of  this 
layer  is  still  unknown.  When  the  metallic-looking  surface  was  removed,  the 
interior  was  opaque  black  and  looked  identical  to  the  interior  of  those  glasses 
without  the  metallic-looking  surface. 

.  All  of  the  compositions  containing  up  to  35  wt%  sludge  formed  a  glass  except 
for  the  wasteforms  containing  more  than  20  wt%  of  the  C-106  sludge,  see  Tables  II  to 
V.  At  a  wasteloading  of  40  wt%,  all  the  wasteforms  crystallized  upon  cooling. 

To  achieve  higher  waste  loadings,  the  ^£203  content  was  lowered  to  10  wt% 


although  wasteforms  with  only  10  wt%  Fe203  were  anticipated  to  have  a  somewhat 

lower  chemical  durability.  Batches  were  prepared  with  a  sludge  content  of  40,  50, 
and  60  wt%  and  an  iron  phosphate  base  composition  such  that  the  final  wasteform 
would  contain  10  wt%  FCjO^  and  the  remainder  being  P205-  Ten  wt%  Fe203  was 
exceeded  for  sludges  B-110  and  T-111  due  to  the  high  Fe203  content  in  these  sludges 
(30.6  and  26.3  wt%  for  B-110  and  T-111,  respectively)  which  made  it  impossible  to 
maintain  the  Fe203  content  at  10  wt%.  For  the  batches  containing  40  wt%  or  more 

of  the  B-110  and  T-111  sludges,  no  additional  Fe203was  added  to  the  batch  and  the 
final  Fe203  content  is  a  result  of  that  present  in  the  sludge  only. 

All  of  the  batches  containing  40  and  50  wt%  sludge  formed  a  glass  when 
melted,  except  for  the  batches  containing  the  C-106  (high  Al203/Si02)  sludge.  When 

the  waste  content  in  the  batch  was  increased  to  60  wt%,  only  the  melt  containing  the 
C-112  sludge  formed  a  glass,  see  Tables  II  to  V. 

In  summary,  by  lowering  the  Fe203  content  in  the  wasteform  from  30  to  10 

wt%  it  was  possible  to  produce  glassy  wasteforms  that  contained  up  to  50  wt%  of  all 
the  sludges  except  for  the  C-106  sludge.  A  glassy  wasteform  was  even  made  with  60 
wt%  of  the  C-112  sludge.  All  of  these  glasses  were  melted  at  1150  to  1200°C,  for  as 
little  as  one  hour,  in  high  purity,  dense  alumina  crucibles  with  no  noticeable 
corrosion  of  the  crucible. 

(b)  Adding  CaF2  to  the  Batch;  The  batches  containing  20  and  30  wt%  sludge 
plus  7  wt%  CaF2  melted  at  1150°C  which  was  approximately  50°C  lower  than  the 
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corresponding  batches  made  without  CaF^.  The  melts  made  with  CaF2  also 

appeared  noticeably  more  fluid.  All  of  the  annealed  bars  appeared  glassy  except  for 
that  containing  30  wt%  of  the  C-106  sludge,  which  also  did  not  form  a  glass  without 
CaF^.  The  resulting  glasses  made  with  CaF^  ranged  in  appearance  from  black  opaque 

to  having  a  thin  metallic-looking  surface  which  was  essentially  the  same  as  those 
made  without  using  CaF2. 

(2)  Microstructure 

The  wasteforms  containing  30  wt%  of  the  B-110,  C-112,  and  T-111  sludges  and 
those  made  with  CaF2  were  examined  by  XRD  and  TEM  to  determine  if  the 

wasteforms  were  amorphous  and  homogeneous.  XRD  analysis  of  the  wasteform 
coritaining  30  wt%  of  the  B-110  sludge  showed  a  very  small  amount  of  crystalline 
material  present  (Figure  3b).  TEM  identified  the  crystalline  material  to  be  Si-rich.  In 
addition,  TEM  identified  a  small  amount  of  phase  separation,  in  the  form  of 
droplets  50  to  75  nm  in  diameter  (Figure  3a). 

Similarly,  when  CaF^  was  added  to  the  batches  containing  30  wt%  of  the  B-110 

sludge,  the  resulting  wasteform  had  crystalline  material  present.  This  material  was 
identified  by  XRD  as  being  AlPO^  and  cristobalite  (Figure  3d).  In  addition,  TEM 

showed  phase  separation  present  in  the  wasteform  containing  CaF2.  The  phase 

separation  was  in  the  form  of  Si-rich  droplets  50  to  200  nm  in  diameter  (Figure  3b). 

The  wasteform  containing  30  wt%  of  the  C-112  sludge  was  completely  glassy 
according  to  XRD  (Figure  4b).  TEM  analysis  also  showed  a  completely  glassy 
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material  free  of  any  crystallization  or  phase  separation  (Figure  4a). 

When  CaF2  was  added  to  the  wasteform  containing  30  wt%  of  the  C-112 

sludge,  XRD  and  TEM  analysis  showed  the  presence  of  crystalline  material  (Figures 
4c  and  4d).  This  material  was  identified  by  XRD  to  be  FePO^. 

Finally,  the  wasteform  containing  30  wt%  of  the  T-111  sludge  had  a  very 
small  amount  of  crystalline  material  which  was  barely  detectable  by- XRD  (Figure  5b). 
When  analyzed  by  TEM,  no  crystals  or  phase  separation  were  observed  (Figure  5.a). 

When  CaF^  was  added  to  the  batch  containing  20  wt%  of  the  T-111  sludge,  no 

crystalline  material  or  phase  separation  were  detected  by  XRD  or  TEM  (Figures  5c 
and  5d). 

(3)  Physical  Properties 

(a)  Density:  The  density  of  the  sludge-containing  glass  wasteforms  ranged 
from  2.92  to  3.48,  see  Table  VIII.  The  density  increased  with  increasing  waste  loading 
and  Fe^Og  content.  The  increase  in  density  is  expected  because  of  the  large 

percentage  of  heavy  elements  such  as  UO2  in  the  sludge.  In  addition,  Fe202  and 
many  of  the  elements  present  in  the  waste  probably  act  as  modifiers  and  produce  a 
more  densely  packed  glass  structure  by  occupying  interstitial  positions  in  the  glass 
network. 

The  density  of  the  wasteforms  made  with  20  and  30  wt%  sludge  and  7  wt% 
CaF2  ranged  from  3.18  to  3.36  g/cm^  (Table  IX).  The  addition  of  CaF2  to  the  glassy 

wasteforms  only  increased  the  density  by  <  5%. 
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(b)  Thermal  Properties:  The  thermal  expansion  coefficient  of  the  iron 
phosphate  glass  wasteforms  ranged  from  83.8  to  113.2  x  10'^/“C  and  increased  with 
waste  content,  see  Table  VIII.  The  increase  in  the  thermal  expansion  coefficient  is 
probably  due  to  an  increase  in  the  number  of  non-bridging  oxygen  in  the  glass 
structure  (depolymerization  of  the  PO^  network)  due  to  the  R2O  and  RO  oxides  in 

the  waste  which  may  act  like  modifiers  in  the  glass,  ■ 

The  dilatometric  softening  temperature,  T^,  ranged  from  488  to  569°C  and 

typically  decreased  with  waste  loading,  see  Table  VIII.  The  decrease  in  softening 
temperature  is  also  attributed  to  the  presence  of  modifiers  in  the  glass  which  cause  a 
weakening  of  the  glass  structure. 

Glassy  wasteforms  containing  20  and  30  wt%  sludge  plus  CaF2  had  a 

significantly  higher  thermal  expansion  coefficient  and  a  higher  softening 
temperature,  up  to  50°C  (Table  IX).  These  increases  were  more  significant  in  the 
wasteforms  containing  30  wt%  sludge  than  in  those  containing  20  wt%  sludge.  The 
thermal  expansion  coefficient  was  expected  to  increase  and  the  softening 
temperature  to  decrease  with  the  addition  of  CaF2  to  the  batch  because  halides  are 

1  7 

known  to  break  up  the  phosphate  glass  network. 

Differential  Thermal  Analysis  (DTA)  curves  of  the  glassy  wasteforms 
containing  20  and  30  wt%  sludge  were  recorded  at  a  heating  rate  of  S^C/ min  in  a 
flowing  nitrogen  atmosphere  (Figures  6  to  9).  The  crystallization  temperature,  T^  of 

the  glassy  wasteforms  was  taken  as  the  first  exothermic  peak  and  ranged  from  590  to 
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622°C  for  the  glassy  wasteforms.  The  changed  very  little  (only  10  to  20°C)  as  the 

sludge  content  increased  from  20  to  30  wt%  (Table  VIII). 

Adding  CaF^  to  the  glassy  wasteforms  made  the  exothermic  crystallization 

peaks  sharper  and  more  intense  (Figures  6  to  9).  This  may  be  due  to  the  presence  of 
crystalline  compounds  and  phase  separation  acting  as  nucleation  sites.  In  addition, 
the  crystallization  temperature  increased  from  about  7  to  61°C  when  the  sludge 
containing  wasteforms  were  made  with  CaF^  (Table  IX).  This  increase  in 

crystallization  temperature  may  be  beneficial  if  the  sludge  containing  wasteform 
remains  at  an  elevated  temperature  during  storage  due  to  the  decay  of  radioactive 
species. 

(4)  Chemical  Durability 

(a)  Dissolution  Rate-Glassy  Wasteform:  The  dissolution  rate  of  the  glassy 
wasteforms  containing  30  wt%  Fe202  ranged  from  3.1  xlO'®  to  1.8  xlO'^  g/ cm^/ min 

(in  distilled  water  at  90°C  for  16  days),  see  Table  X.  This  dissolution  rate  is  lower 
than  or  equal  to  the  dissolution  rate  of  three  borosilicate  HLW  glasses,  the  CVS-IS, 
R7T7,  and  DWPF-EA  glasses  measured  in  a  similar  manner. 

When  the  Fe^O^  content  in  the  glassy  wasteform  was  decreased  to  10  wt%,  the 

wasteforms  containing  40  and  50  wt%  of  the  B-110  sludge  were  heavily  corroded 
after  16  days  at  90°C  in  distilled  water  (Figure  11).  After  16  days  in  distilled  water, 
these  glasses  formed  a  flaky  white  layer  on  the  surface  that  crumbled  easily  and 
made  weighing  difficult.  Glasses  containing  40  and  50  wt%  of  the  T-111  sludge  were 
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more  durable  than  those  containing  the  B-110  sludge,  but  were  still  less  durable  than 
the  borosilicate  HLW  glasses  (Dj^  ~10'^g/cm^/min),  see  Figure  13. 

On  the  other  hand,  the  dissolution  rate  of  the  glassy  wasteforms  containing 
40,  50,  and  60  wt%  of  the  C-112  sludge  ranged  from  3.5x10'®  to  8.1x10'^  g/cm^/min 
(Figure  12)  which  is  approximately  equal  to  the  dissolution  rate  of  the  borosilicate 
HLW  glasses.  It  should  be  stressed  that  the  G-112  v/asteforms  have' dissolution  rates 
as  good  as,  or  better  than  that  of  borosilicate  glasses  at  waste  loadings  (up  to  60  wt%) 
that  are  much  higher  than  can  be  used  in  borosilicate  glasses  (-15  wt%). 

(b)  Dissolution  Rate-Crystallized  Wasteform:  Selected  wasteforms  were 
crystallized  by  heating  at  5°C/min  to  temperatures  between  600  and  750°C  and 
holding  for  24  hours.  The  dissolution  rate  of  the  crystallized  wasteform  was 
measured  and  compared  to  the  dissolution  rate  of  its  corresponding  glassy 
wasteform. 

No  general  trend  in  dissolution  rates  for  the  glassy  and  crystallized 
wasteforms  at  low  (20  and  30  wt%)  waste  loadings  is  obvious  in  Table  X.  In  three  of 
the  seven  wasteforms  there  was  either  a  slight  decrease  or  no  change  in  dissolution 
rate  after  crystallization.  The  crystallized  wasteforms  containing  30  wt%  of  the  C-112 
and  T-111  sludge  showed  a  slight  weight  gain  after  16  days  which  may  be  due  to  the 
reprecipitation  of  dissolved  material  onto  the  surface  of  the  sample  or  the  formation 
of  a  hydrated  layer  on  the  surface. 

The  dissolution  rate  of  the  crystallized  wasteform  containing  20  wt%  of  the 
B-110  sludge  was  the  same  as  that  of  the  glassy  wasteform  after  16  days  in  solution. 
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The  remaining  four  crystallized  wasteforms  (containing  20  wt%  C-106,  C-112,  T-111 
and  30  wt%  B-110  sludges)  had  a  higher  dissolution  rate  (up  to  100  times)  than  their 
corresponding  glassy  wasteform.  ^ 

The  wasteforms  containing  larger  sludge  concentrations  (35  to  50  wt%)  all 
showed  a  significant  decrease  in  the  dissolution  rate  after  crystallization  (Figure  14). 
In  fact,  two  of  the  crystallized  wasteforms  showed  a  small  increase  in  weight  after 
exposure  to  distilled  water  for  16  days  at  90°C  due  to  the  reprecipitation  of  materials 
on  the  surface  of  the  glass  or  the  formation  of  a  hydrated  surface  layer. 

(c)Dissolution  Rate-Wasteforms  made  with  CaF^t  The  generally  beneficial 

effect  which  CaF^  has  on  the  dissolution  rate  of  the  glassy  and  crystalline  wasteforms 

is  apparent  from  the  values  in  parentheses  in  Table  X.  The  improvement  in  the 
durability  with  CaF^  addition  is  most  evident  in  those  glasses  containing  30  wt% 

sludge.  When  CaF^  was  used  in  the  batch,  the  dissolution  rate  of  the  wasteforms 
containing  20  wt%  sludge  was  higher  than  those  wasteforms  made  with  no  CaF^, 

while  the  dissolution  rate  of  the  wasteforms  containing  30  wt%  sludge  was  lower 
than  those  wasteforms  made  with  no  CaF2. 

In  addition,  adding  CaFj  to  the  batch  tended  to  decrease  the  dissolution  rate  of 
the  glassy  wasteforms  in  NH^OH  (pH  12)  solutions  (Figures  15-17).  Many  of  the 
glasses  containing  30  wt%  sludge  immersed  in  pH  12  NH^OH  were  totally  dissolved 
in  less  than  16  days,  but  when  7  wt%  CaF2  was  added,  all  the  glasses  were  still  intact 
after  16  days. 
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The  wasteforms  made  with  CaF2  were  crystallized  by  heating  at  5°C/min  to 

between  650  and  750°C  and  holding  for  24  hours.  The  dissolution  rate  of  all  of  the 
crystallized  wasteforms  made  with  CaF2  was  ~10'^  g/cm^/min  at  90°C  in  distilled 

water  for  up  to  16  days.  In  one  case,  the  sample  gained  a  small  amount  of  weight 
after  immersion  in  distilled  water.  In  only  one  case  (C-112  sludge  30  wt%  waste)  did 
the  dissolution  rate  increase  slightly  (from  2.8  to  7.9  x  10'^  g/crh^/min)  after  the 
sample  was  crystallized.  The  improvement  in  the  durability  with  CaF2  addition  was 

most  evident  in  the  crystallized  wasteform  containing  30  wt%  of  the  various 
sludges.  Adding  CaF2  to  all  of  the  wasteforms  (except  the  wasteform  containing  30 

wt%  of  the  C-112  sludge),  decreased  the  dissolution  rate  of  the  crystallized 
wasteforms  (Table  X). 

In  summary,  adding  CaF2  to  the  batch  improved  the  chemical  durability  of  all 

of  the  crystallized  wasteforms  and  glassy  wasteforms  containing  30  wt%  sludge. 
Since  adding  CaF2  to  the  batch  lowers  the  melting  temperature  by  up  to  50°C,  lowers 

the  melt  viscosity,  and  improves  the  chemical  durability,  small  batch  additions  (up 
to  10  wt%)  of  CaF2  is  considered  beneficial. 

(d)  Compositional  Analysis  of  Glass  Surface:  Although  the  dissolution  rate  of 
many  of  the  wasteforms  vyas  very  small  (10'^  g/cm^/min),  it  was  essential  to 
determine  what  reactions  were  occurring  at  the  surface  of  the  glass  when  exposed  to 
different  solutions.  For  this  reason,  the  average  chemical  composition  of  the  glass 
surface  exposed  to  solution  and  the  interior  glass  composition  were  measured  by 
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EDS,  see  Tables  XI  to  XV.  In  addition,  SEM  was  used  to  observe  the  corroded  surface 
of  the  glassy  wasteforms. 

In  HCl  (pH  2)  and  NH^OH  (pH  12)  solutions,  the  glassy  wasteform  containing 

the  20  wt%  of  the  C-106  sludge  had  an  exposed  surface  composition  that  was  almost 
identical  to  the  original,  unexposed  glass  composition.  Table  XI.  This  indicates  that 
the  small  amount  of  dissolution  occurring  in  this  glass  is  occurring  uniformly. 
Uniform  dissolution  was  assumed  since  there  is  no  evidence  of  selective  leaching  or 
the  formation  of  a  surface  layer. 

On  the  other  hand,  when  the  wasteform  containing  20  wt%  of  the  C-106 
sludge  was  exposed  to  distilled  water,  the  surface  was  found  to  be  higher  in  iron  and 
lower  in  P2O5  ^rid  Na^O  than  the  original  glass.  This  suggests  that  an  iron  rich 

surface  layer  is  forming  on  the  exposed  glass  surface.  This  iron  rich  surface  layer 
may  be  due  to  the  reprecipitation  of  iron  compounds  since  many  iron  compounds 
have  a  very  low  solubility  in  distilled  water^^. 

The  glassy  wasteform  containing  20  wt%  of  the  B-110  sludge.  Table  XII,  was 
totally  dissolved  in  less  than  16  days  in  the  NH^OH  (pH  12)  solution.  EDS 

measurement  of  the  external  surface  of  the  glasses  immersed  in  HCl  (pH  2)  and 
distilled  water  indicate  that  the  small  amount  of  dissolution  is  occurring  uniformly 
since  the  composition  of  the  exposed  surface  is  similar  to  the  original,  unexposed 
surface. 

The  glassy  wasteform  containing  20  wt%  of  the  C-112  sludge,  which  was  high 
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in  UO2,  Table  XIII,  was  completely  dissolved  in  less  than  16  days  in  NH^OH  (pH  12) 

solution.  EDS  measurements  of  the  surface  of  the  glasses  immersed  in  both  HCl 
(pH  2)  and  distilled  water  suggests  the  formation  of  an  iron  rich  surface  layer  due  to 
the  slightly  higher  iron  content  of  the  surface  of  the  glass  compared  to  the  interior. 

The  glassy  wasteform  containing  20  wt%  of  the  T-111  sludge,  XIV,  appeared  to 
dissolve  uniformly  in  distilled  water  and  NH^OH,  but  possibly  formed  an  iron  rich 

surface  layer  when  immersed  in  HCl. 

In  addition  to  the  wasteforms  containing  20  wt%  sludge,  the  surface  of 
wasteforms  made  with  35  wt%  of  the  B-110  and  T-111  sludges  and  50  wt%  of  the  C- 
112  sludge,  corroded  in  distilled  water,  was  analyzed  by  EDS  (Table  XV).  Like  the 
wasteforms  containing  20  wt%  sludge,  these  wasteforms  also  corroded  uniformly  or 
had  a  surface  high  in  Fe2^3' 

The  exposed  surface  of  the  wasteforms  was  observed  using  SEM  to  determine 
if  evidence  of  a  surface  layer  could  be  found.  The  majority  of  the  samples  that  had 
an  exposed  surface  high  in  Fe^O^  were  found  to  have  either  particles  deposited  on 

the  exposed  surface  of  the  glass  or  what  appeared  to  be  a  cracked  surface  layer  (Figure 
18). 

In  summary,  the  sludge  containing  iron  phosphate  glasses  typically  exhibit  a 
poor  chemical  durability  in  basic  solutions,  but  in  neutral  to  acidic  solutions,  the 
durability  is  much  higher,  as  good  as  borosilicate  HLW  glasses.  In  this  pH  range, 
corrosion  is  either  uniform  or  leads  to  the  formation  of  an  iron  rich  surface  layer 
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which  may  act  to  slow  dissolution  over  time. 

(e)  PCX:  At  the  completion  of  the  PCX  test  (seven  days  in  distilled  water  at 
90°C),  the  leachate  was  filtered,  then  analyzed  by  ICP-ES  to  determine  what  species 
were  present  in  solution.  Figure  19  shows  the  concentration  of  various  elements 
found  in  solution.  Xhe  major  components  leached  from  the  sludge-containing 
wasteforms  are  P,  Na,  Si,  Ca,  and  Al.  Xhis  is  expected  because  these  elements  are 
present  in  large  concentrations  in  all  of  the  wasteforms.  Note,  that  although  Fe202 

is  present  in  large  concentrations  as  well,  very  little  was  detected  in  the  leachate 
solutions. 

While  there  are  measurable  concentrations  of  P,  Na,  Si,  Ca,  Al,  and  Fe  in  the 
leachate,  it  should  be  stressed  that  the  dissolution  rate  of  the  iron  phosphate 
wasteforms  is  exceptionally  low.  Xable  20  compares  the  iron  phosphate  wasteforms 
to  a  reference  borosilicate  glass  (ARM-1)  used  at  Savannah  River  Laboratory.  Xhe 
iron  phosphate  glasses  have  a  total  release  into  distilled  water  of  only  approximately 
10  to  20  mg/L  which  is  about  one  tenth  that  of  the  ARM-1  reference  glass  (200 
mg/L). 

Xhe  dissolution  rate  of  the  wasteforms  made  with  CaF2  were  compared  to  the 
wasteforms  made  with  no  CaF^  to  determine  the  effect  CaF2  has  on  the  durability  of 
the  wasteforms.  As  Figure  19  shows,  adding  CaF^  to  a  the  wasteform  decreases  the 

concentrations  of  P,  Na,  and  Si  released  into  solution,  although  the  total  amount  of 
Ca  released  into  solution  was  increased  due  to  a  larger  amoimt  of  Ca  present  in  the 
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glass. 


Finally,  at  the  conclusion  of  the  PCT  test,  the  pH  of  the  leachate  solutions 
were  measured  and  compared  to  the  pH  of  a  blank  (a  vessel  containing  only  distilled 
water).  Figure  21  shows  that  the  pH  of  the  iron  phosphate  glasses  stays  relative 
constant  while  the  ARM-1  reference  glass  has  a  much  higher  final  pH  (~  10).  This  is 
due  to  a  buffering  effect  that  occurs  during  the  dissolution  of  the  iron  phosphate 
glass  which  is  partly  responsible  for  their  low  dissolution  rate. 
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Discussion 


(1)  Glass  Formation 

(a)  Wasteloading:  The  four  sludges  listed  in  Table  I  were  chosen  because  their 
composition  indicated  that  they  may  be  poorly  suited  for  vitrification  in  a 
borosilicate  glass.  The  high  concentrations  of  Fe2^3'  ^^2^3'  ^^2'  ^2^5  hkely 

to  limit  the  solubility  of  these  sludges  in  a  borosilicate  glass.^  - 

Figure  22  demonstrates  the  importance  of  waste  solubility  on  the  volume  and 
mass  of  the  final  wasteform.  Assuming  the  concentration  of  P2^5  borosilicate 

glass  must  not  exceed  2.5  wt%,  then  only  17.7  wt%  of  the  C-112  sludge  could  be 
incorporated  into  a  borosilicate  wasteform.  On  the  other  hand,  four  times  as  much 
of  the  C-112  sludge  (60  wt%)  can  be  vitrified  in  an  iron  phosphate  wasteform. 

When  the  densities  of  the  borosilicate  (2.75  g/cm^)  and  iron  phosphate  glasses 
(3.29  g/cm^)  are  taken  into  account,  the  total  volume  of  each  wasteform  that  would 
contain  one  metric  ton  of  the  C-112  sludge  can  be  calculated  (Figure  22).  The  total 
volume  of  a  borosilicate  wasteform  containing  one  ton  of  sludge  would  be  four 
times  larger  than  the  volume  of  an  iron  phosphate  wasteform.  This  means  that  the 
amount  of  space  needed  to  store  the  wasteform  is  four  times  less  if  an  iron 
phosphate  glass  is  used  instead  of  a  borosilicate  glass. 

In  addition  to  a  larger  wasteform  volume,  a  considerably  larger  mass  of  other 
materials  (Si02,  B^Og,  Na^O,  and  others)  must  be  added  to  form  a  borosilicate  glassy 

wasteform  compared  to  the  iron  phosphate  wasteform.  To  vitrify  one  ton  of  the  C- 
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112  sludge  in  a  borosilicate  glass,  4.6  tons  of  other  glass  forming  material  must  be 
added,  while  only  less  than  one  ton  (700kg)  of  Fe202  and  P2O5  nrust  be  added  to 

vitrify  this  waste  in  an  iron  phosphate  wasteform. 

Wasteforms  in  this  study  were  made  containing  up  to  60  wt%  sludge  which  is 
approximately  3  times  more  than  expected  to  be  vitrified  in  a  borosilicate  glass  (~20 
wt7o).  Up  to  60  wt7o  of  the  C-112  sludge,  which  is  rich  in  UO^  (30  wt%),  was  easily 

vitrified  in  the  iron  phosphate  wasteform.  Uranium,  due  to  its  large  size,  is 
probably  a  modifier  in  the  iron  phosphate  glasses.  While  up  to  18  wt7o  UO2  was 

present  in  the  glass  containing  60  wt7o  of  the  C-112  sludge,  this  corresponds  to  only  8 
mol7o  UO2. 

The  wasteforms  made  with  the  C-106  sludge  were  expected  to  be  the  most 
difficult  to  form  a  glass  based  on  their  high  Si02  and  AI2O3  content.  This 

expectation  was  based  on  the  low  solubility  of  alumina  and  silica  that  has  been 
reported  for  lead  iron  phosphate  glasses.^®  Silica  present  in  phosphate  glass  tends  to 
cause  phase  separation  due  to  the  competing  structural  role  of  (PO^)’’*  and  (SiO^)  . 

In  fact,  although  a  glass  could  be  formed  with  20  wt7o  C-106  sludge,  the  wasteform 
was  found  to  have  a  small  amount  of  Si-rich  phase  separation.  When  large 
amounts  of  alumina  are  present  in  a  phosphate  glass,  tetrahedally  coordinated 
phosphorus  tends  to  forms  AlPO^  clusters. 

The  B-110  and  T-111  sludges  were  similar  in  composition  except  the  B-110 
sludge  contained  almost  twice  as  much  Si02  (23  wt%)  as  the  T-111  sludge  (11  wt%). 
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Both  sludges  contained  large  amounts  of  hi202  (30  wt%)  and  ^£202  (30  wt7o). 

Glasses  were  formed  which  contained  up  to  50  wt%  of  both  sludges.  Similar  to  the 
glass  containing  the  C-106  sludge  which  contained  a  large  amount  of  Si02,  the 

glasses  containing  the  B-110  sludge  (23  wt7o  Si02)  were  found  to  contain  a  small 
amount  of  Si-rich  phase  separation. 

The  base  iron  phosphate  compositions  used  in  this  study  were  selected  so  that 
the  final  wasteform  had  a  constant  Fe203  content  of  30  wt%  at  wasteloadings  of  20  to 
35  wt%.  Thirty  weight  percent  ^6202  was  used  because  past  studies  showed  that  this 

produced  a  glass  with  a  good  chemical  durability.^^'^^'^^  At  this  high  iron  content, 
glasses  could  not  be  formed  containing  more  than  35  wt%  sludge  possibly  due  to  the 
low  P2^5  (g^^ss  former)  content  (37.2  to  42.9  wt%).  Lowering  the  ^6202  content  to  10 

wt%  allowed  glasses  to  be  formed  containing  up  to  60  wt%  sludge. 

A  study  by  Day  et  al.^^  discussed  the  dependence  of  glass  formation  of  iron 
phosphate  wasteforms  on  the  overall  O/P  ratio.  Glass  formation  was  observed 
when  the  O/P  ratio  of  the  wasteform  was  <4.1.  Above  an  O/P  ratio  of  4.1  glass 
formation  was  no  longer  observed.  The  compositions  in  the  current  study  followed 
the  same  trend  in  glass  formation  (Table  XVI).  When  the  O/P  ratio  was  less  than 
~4.0,  glasses  were  formed,  but  compositions  whose  O/P  ratio  was  ^4.0  crystallized 
during  cooling. 

The  O/P  ratio  of  the  glass  is  an  indication  of  the  structure  of  the  glass  forming 
network.  As  the  O/P  ratio  is  increased,  by  adding  modifiers  for  instance,  the  PO^ 
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network  becomes  depolymerized  and  glass  formation  becomes  more  unlikely.  For 
example,  pyrophosphate  compositions  (0/P  =  3.5)  whose  structure  is  made  up  of 
P2O7  groups,  typically  form  a  glass.  Increasing  the  modifier  content  increases  the 

O/P  ratio.  At  an  O/P  ratio  of  4.0,  individual  PO^  groups  are  ideally  present  and  glass 

formation  becomes  difficult. 

It  should  be  noted  that  the  O/P  ratio  in  the  present  study  is  based  on  the  batch 
composition  of  the  glass  and  during  melting,  this  ratio  could  change.  Many 
studies^^'^^'^^  on  ferric  phosphate  glasses  have  reported  a  small  amount  of  reduction 
of  to  Fe^"^  (-15%)  occurs  during  melting.  This  means  that  the  final  glass  would 
have  a  slightly  smaller  O/P  ratio  than  calculated  from  the  batch.  When  15% 
reduction  is  taken  into  account  for  the  ferric  pyrophosphate  composition,  the 
calculated  O/P  ratio  of  the  glass  is  3.45  which  is  slightly  smaller  than  the  O/P  ratio 
calculated  from  the  batch  (3.50). 

On  the  other  hand,  compositions  that  contain  halides  could  have  a  slightly 
higher  O/P  ratio  due  to  the  halide  being  volatilized  and  replaced  with  oxygen.  A 
ferric  pyrophosphate  glass  made  with  37.5  wt%  SrF^  has  an  O/P  ratio  of  3.32  based  on 

the  batch  composition  but  the  O/P  of  the  glass  becomes  3.86  if  it  is  assumed  that  all 
the  fluorine  is  volatilized  and  replaced  by  oxygen  during  melting. 

(b>  CaF^  Additions:  Although  a  previous  study^^  showed  adding  7  wt%  CaF2  - 

to  an  iron  phosphate  glass  wasteform  extended  the  glass  forming  region,  adding 
CaF2  to  the  wasteforms  in  the  present  study  did  not  appear  to  affect  glass  formation 


131 


to  a  noticable  degree.  The  wasteform  containing  30  wt%  of  the  C-106  sludge  did  not 
form  a  glass  with  or  without  the  7  wt%  CaF^  addition.  There  was,  however,  a 

decrease  in  the  melting  temperature  (50°C)  and  a  noticeable  decrease  in  the  melt 
viscosity  with  CaF2  addition  as  reported  by  Day  et  al.^^ 

A  decrease  in  melt  temperature  and  viscosity  would  be  consistent  with 
adding  a  halide  to  a  phosphate  glass.  The  halide  produces  non-bridging  oxygen 
which  weaken  the  glass  network.  This  decrease  in  melt  temperature  and  melt 
viscosity  may  be  beneficial  in  terms  of  processing  these  glasses.  The  lowered  melt 
temperature  has  the  obvious  cost  advantages,  but  in  addition  helps  reduce 
volatilization  of  certain  species  like  Cs.  The  decreased  melt  viscosity  also  has  the 
advantage  of  lower  residence  time  in  a  furnace  (1-2  hours)  compared  with 
borosilicate  glasses  (>24  hours)  and  enables  the  melt  to  drain  more  quickly. 

Another  potential  advantage  of  adding  CaF2  to  the  batch  is  that  the 

crystallization  behavior  of  sludges  containing  CaF2  is  different  from  glasses  not 
containing  CaF2.  As  Figures  6  to  9  show,  the  20  and  30  wt%  sludge-containing  glass 

wasteforms  usually  exhibit  more  than  one  exothermic  crystallization  peak,  and 
sometimes  as  many  as  4  or  5.  The  number  of  exothermic  peaks  present  may  be  an 
indication  of  the  number  of  species  crystallizing  from  the  sample  during  heat 
treatments  For  nuclear  waste  disposal  applications,  a  small  number  of  compounds 
crystallizing  from  a  glass  wasteform  would  be  more  desirable  than  many.  This  is 
because  there  is  a  risk  that  if  many  compounds  crystallize  from  the  wasteform,  one 
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of  the  compounds  might  have  a  poor  chemical  durability  and  reduce  the  corrosion 
resistance  of  the  wasteform.  If  one  compound  is  more  soluble  than  the  others,  this 
compound  might  dissolve  and  leave  a  glass  with  a  higher  surface  area.  This  would 
in  turn  lead  to  an  increase  in  the  dissolution  rate  of  the  wasteform.  In  this  study, 
crystallization  of  the  wasteform  did  not  appear  to  lower  the  chemical  durability  and, 
in  fact,  crystallized  wasteforms  actually  had  a  lower  dissolution  rate  than  the  glassy 
wasteforms  in  many  cases.  Clearly,  there  is  no  reason  to  assume  that  the  chemical 
durability  of  a  crystallized  iron  phosphate  wasteform  will  be  inherently  inferior  to 
that  of  a  glass  wasteform. 

(2)  Chemical  Durability 

(a)  Dissolution  of  Iron  Phosphate  Wasteforms:  The  chemical  durability  of  a 
phosphate  glass  increases  dramatically  with  additions  of  iron  oxide  to  the  batch. 
This  increase  in  chemical  durability  has  been  well  documented and  is 
attributed  to  the  formation  of  Fe-O-P  bonds  which  are  more  hydration  resistant  than 
P-O-P  bonds.  In  addition  to  the  stronger  Fe-O-P  bonds,  there  are  two  mechanisms 
that  take  place  during  dissolution  that  help  to  decrease  the  dissolution  of  these 
glasses  in  acidic  to  neutral  solutions.  These  two  effects  are  the  self-buffering  of  the 
leachate  solution  and  the  formation  of  a  chemically  protective  surface  layer.  These 
effects  are  shown  schematically  in  Figure  24  and  are  described  below. 

At  the  conclusion  of  the  PCT  (seven  days  in  distilled  water  at  90°C),  the  pH  of 
the  leachate  solutions  were  measured.  The  pH  of  the  iron  phosphate  leachate 
solution  remained  relatively  constant  (±  1  or  2)  compared  to  the  pH  of  the 
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borosilicate  ARM-1  reference  material  (pH  =  10),  see  Figure  21.  This  self-buffering 
effect  exhibited  by  the  iron  phosphate  glasses  is  due  to  two  competing  reactions  that 
occur  as  the  glass  is  dissolved.  When  iron  phosphate  glass  is  exposed  to  neutral  or 
acidic  solutions,  the  P-O-P  groups  go  into  solution  and  form  phosphoric  acid 
(H3PO4)  which  results  in  a  decreased  pH.  At  the  same  time,  alkalies,  like  Na"^  and 

K"^,  and  alkaline  earths,  like  Ca^"^  and  Mg^"^,  are  also  released  into  solution.  This 
occurs  through  an  ion  exchange  process  (i.e.  Na'*’  is  replaced  with  HjO"^).  This  leads 

to  an  increase  in  pH.  These  competing  reactions  keep  the  pH  of  the  solution 
relatively  constant. 

This  is  in  contrast  to  silicate  glasses  where  the  solution  increases  in  pH  as  the 
glass  corrodes  due  to  the  release  of  the  alkali  ions  and  the  weaker  silicic  acid.  The 
increased  pH  leads  to  an  increase  in  dissolution  rate.  Silicate  glasses  exposed  to 
distilled  water  over  time  will  have  an  increasing  dissolution  rate,  which  is  in 
contrast  to  the  iron  phosphate  glasses  whose  dissolution  rate  decreases  with  time,  as 
shown  in  Figure  23. 

In  addition  to  the  self-buffering  effect,  die  high  chemical  durability  of  the  iron 
phosphate  glasses  may  also  be  attribuited  to  the  formation  of  a  chemically  protective 
surface  layer.  As  poorly  soluble  iron  is  released  into  solution,  the  solution  becomes 
quickly_  saturated  with  Fe  compounds.  The  Fe  compounds  precipitate  on  the  surface 
of  the  glass  forming  a  chemically  protective. layer.  The  formation  of  this  protective 
layer  acts  to  slow  and  eventually  stop  further  dissolution  of  the  glass. 

The  formation  of  a  chemically  protective  layer  is  evident  from  several  results 
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in  the  current  study.  The  surface  of  several  of  the  glassy  wasteforms  exposed  to 
neutral  and  acidic  solutions  had  a  composition  that  was  higher  in  iron  than  the 
unexposed  surface.  Tables  XI  to  XV.  In  addition,  the  leachate  solutions  from  the 
PCT  on  wasteforms  containing  20  wt%  sludge  all  had  very  low  concentrations  of 
iron  (Figure  19)  although  there  were  large  concentrations  (30  wt%)  of  Fe^Og  in  the 

glass.  Finally,  Figure  18  shows  that  SEM  analysis  of  several  wasteforms  exposed  to 
distilled  water  or  HCl  (pH  2)  appeared  to  have  a  cracked  layer  on  the  exposed  surface, 
and/or  particles  deposited  on  the  surface. 

The  formation  of  a  chemically  protective  iron  rich  layer  would  be  beneficial  if 
these  glasses  were  stored  in  an  environment  where  water  was  not  quickly 
replenished.  Any  water  coming  in  contact  with  the  glass  would  quickly  become 
saturated  with  iron  causing  the  formation  of  an  iron  rich  surface  layer  that  would 
slow,  and  could  eventually  stop  the  dissolution  of  the  remaining  glass  wasteform. 

(b)  O/P  ratio:  The  study  by  Day  et  al.^’  which  proposed  the  dependence  of  glass 
formation  on  the  O/P  ratio  of  sludge  containing  wasteforms,  also  correlated 
chemical  durability  with  O/P  ratio.  The  shaded  region  in  Figure  25,  taken  from  the 
study  by  Day,  shows  that  log  Dj^  decreases  with  increasing  O/P  ratio  until  a  O/P  ratio 

of  -3.7  is  reached.  This  minimum  is  close  to  the  O/P  ratio  of  3.5  which  corresponds 
to  pyrophosphate  compositiorrs.  At  higher  O/P  ratios,  the  dissolution  rate  begins  to 
increase  and  glass  formation  is  no  longer  observed  for  O/P  >  4.0. 

The  log  Dj^vs.  O/P  ratio  for  the  glasses  in  the  present  study  are  plotted  in 
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Figure  25,  and  did  not  follow  the  trend  observed  previously.^^  For  example,  the 
glass  made  with  20  wt%  of  the  T-111  sludge  (30  wt%  FCjO^)  had  an  O/P  ratio  of  3.46 

and  a  low  log  Dj^  of  -8.74.  A  glass  with  a  similar  O/P  ratio  (3.54)  made  with  50  wt% 
T-111  sludge  (13.2  wt%  Fe^O^)  was  too  corroded  to  measure  after  16  days  in  distilled 
water  at  90°C. 

The  majority  of  the  glasses  that  fell  outside  of  the  area  determined  in  the 
previous  study  were  the  wasteforms  which  typically  contained  less  than  10  wt% 
Fe202.  Because  these  glasses  had  a  low  Fe  content,  it  was  thought  there  may  be  a 
relationship  between  Dj^  and  0/(P+Fe)  or  0/(P+Fe+Al).  When  these  values  were 
plotted,  no  relationship  was  evident. 

Based  on  the  current  research  and  past  studies  on  iron  phosphate  glasses, 
chemical  durability  cannot  be  predicted  based  solely  on  the  O/P  ratio  of  the  glass.  In 
general  it  can  be  said  that  the  chemical  durability  tends  to  decrease  with  increasing 
sludge  content  and  decreasing  Fe202  content.  To  maximize  the  chemical  durability 

of  the  iron  phosphate  wasteform,  the  Fe202  content  of  the  final  composition  should 
be  ~  30  wt%. 

(3)  Processing  Iron  Phosphate  Wasteforms 

The  lack  of  information  related  to  the  processing  of  iron  phosphate  glasses  is 
•one  reason  they  are  not  considered  a  primary  form  for  the  disposal  of  nuclear 
materials.  Borosilicate  glasses  have  been  melted  commercially  for  >50  years  and 
there  is  much  knowledge  about  their  processing.  While  many  questions  still 
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remain  about  the  iron  phosphate  glasses,  they  deserve  further  attention  due  to  their 
superior  properties,  many  of  which  are  related  to  their  processing. 

Iron  phosphate  glasses  melt  at  lower  temperatures  (1100  to  1200°C)  than 
borosilicate  glasses  (1300°C)  and  are  more,  fluid  at  the  melting  temperature  (<5 
Poise).  In  addition,  the  iron  phosphate  glasses  can  be  melted  in  a  shorter  period  of 
time  (1  to  2  hours)  compared  to  borosilicate  glasses  (>24  hours). 

Adding  a  small  amount  of  CaF^  to  iron  phosphate  glass  may  further  improve 

their  processability  by  decreasing  the  melting  temperature  (by  up  to  50°C)  and  melt 
viscosity.  Although  adding  CaF^  to  the  sludge-containing  batches  was  found,  in 

some  cases,  to  produce  a  small  amount  of  crystallization,  the  properties  of  the  final 
wasteforms  were  not  adversely  affected  which  leads  to  the  conclusion  that  adding 
CaF^  to  the  batch  has  an  overall  beneficial  effect. 

The  iron  phosphate  glasses  in  this  study  were  melted  in  high  purity  alumina 
crucibles  with  no  noticeable  corrosion  of  the  crucible.  Sludge-containing  iron 
phosphate  glasses  have  also  been  melted  in  high  purity  alumina,  platinum,  fireclay, 
and  kyanite  crucibles  for  up  to  3  days  with  no  detectable  corrosion  of  the  crucibles. 
In  other  work,^'^°  iron  phosphate  glasses  have  been  melted  in  alumina,  platinum, 
zirconia,  and  Monofrax  K-3  with  minimal  corrosion.  A  strong  argument  against  the 
use  of  iron  phosphate  glasses  has  been  the  corrosiveness  of  the  melt^°,  which  has 
not  been  seen  in  this  work. 

Iron  phosphate  glassy  wasteforms  require  that  only  two  components,  Fe203 
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and  P2O5/  added  to  vitrify  the  wastestream.  For  wastestreams  high  in  iron,  P2O5 

would  be  tlie  only  component  added.  This  is  compared  to  the  complex  borosilicate 
compositions  which  may  contain  up  to  15  other  components.  Additionally,  the 
borosilicate  glass  forming  components  are  typically  added  as  a  previously  melted 
glass  powder,  or  frit.  The  glass  forming  components  in  the  iron  phosphate 
wasteform  may  be  added  as  any  convenient  source  of  iron  oxide  and  phosphorus 
oxide  such  as  Fe^Og,  Fe304,  FeO,  P2O5/  arid  NH^H^PO^  which  eliminates  an  extra, 

costly  processing  step. 

Although  iron  phosphate  glasses  have  not  been  processed  on  a  large  scale  for 
nuclear  waste  disposal  purposes,  their  processing  would  be  similar  to  that  of  the 
borosilicate  glasses.  The  sludge  material  would  be  pretreated  in  the  same  way  as  for 
a  borosilicate  wasteform.  The  proper  proportions  of  iron  and  phosphorus  would  be 
added  to  the  wastestream  so  the  O/P  ratio  would  be  ~3.5  which  would  ensure  the 
formation  of  a  glass.  The  chemical  durability  of  the  wasteform  would  be  optimized 
if  the  content  in  the  final  wasteform  was  ~30  wt%.  A  few  percent  CaF2  could 

be  added  to  decrease  melt  temperature  and  viscosity. 

The  waste  and  glass  forming  materials  would  then  be  mixed  and  fed  into  a 
melter.  The  melter  used  for  iron  phosphate  glass  could  be  a  relatively  small  box 
furnace  made  of  fireclay,  kyanite,  or  Monofrax  K-3.  The  size  of  the  furnace  would  be 
much  smaller  than  that  used  for  borosilicate  glasses  for  the  following  reasons.  Iron 
phosphate  glasses  have  a: 

(1)  shorter  melt  time  requiring  less  residence  time  in  the  furnace 
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(2)  higher  der^sity,  leading  to  a  smaller  volume  of  material  traveling 
through  the  furnace 

(3)  lower  melt  viscosity  which  leads  to  faster  draining  of  the  melt 

The  melt  would  travel  through  the  furnace  in  -1  to  2  hours  which  is  at  least 
12  times  faster  than  the  borosilicate  glasses.  The  melt  could  be  continuously  drained 
into  a  metal  canister  similar  to  the  borosilicate  glasses.  If  desired,  the  pour  rate 
could  be  much  faster  than  with  the  borosilicate  glasses  due  to  the  lower  melt 
viscosity. 

In  short,  processing  of  iron  phosphate  glass  would  follow  the  same  general 
steps  as  processing  of  borosilicate  glasses  but  with  several  advantages.  More  waste 
could  be  processed  in  a  shorter  amount  of  time  due  to  shorter  melt  times,  less  raw 
materials  are  required,  and  more  waste  would  be  immobilized  per  volume  due  to 
higher  density  and  higher  wasteloading. 

(4)  Structure 

The  structure  of  iron  phosphate  glass  is  not  completely  understood  at  this 
time  although  considerable  research^"^'^^'^^'^^  over  the  past  10  years  has  contributed 
much  to  our  understanding.  It  is  well  documented  that  the  chemical  durability  of  a 
phosphate  glass  increases  as  Fe^O^  is  added  to  the  glass,  up  to  four  orders  of 

magnitude^.  The  structural  role  of  iron  in  phosphate  glass  is  still  being  studied. 
Mossbauer  spectroscopic  studies^^'^^'^^  of  ferric  pyrophosphate  glass  (2Fe203*3P205) 

shows  that  while  iron  is  added  in  the  form  of  Fe^"*”,  approximately  10  to  20%  is 
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reduced  to  Fe^^  during  melting  in  air.  The  Fe^^  is  present  in  octahedral 
coordination  while  the  Fe^"*"  may  be  found  in  either  octahedral  or  tetrahedral 
coordination.  Iron  (Fe^"^  or  Fe^"")  in  octahedral  coordination  is  a  modifier  and 
improves  the  chemical  durability  of  the  glass  by  breaking  down  long  P-O-P  chains 
and  providing  strong  crosslinks  between  non-bridging  oxygen.  Iron  (Fe  )  in 
tetrahedral  coordination  (approximately  69%  of  the  total  iron  in  iron  pyrophosphate 
glass)  acts  as  a  glass  former  replacing  weak  P-O-P  bonds  with  stronger  P-O-Fe  bonds. 

Based  on  past  studies  of  iron  phosphate  glass  and  Mossbauer  measurements, 
a  proposed  structure  of  the  iron  pyrophosphate  glass  would  be  as  follows. 


if 


0 

11 


__0-P— 0— Fe+3_o-P-0-  P-0- 

I  I  i  II 

0.  0  0_  0 

^  Fe+3  Pe+2 

0  0“  0  O' 

II  I  ^ 

— 0  — p— 0— P  —  0— Fe+^  — 0  —  p— 0  — 
I  II  I  II 

0.  0  0-  0 


The  sludges  which  contain  large  amounts  of  RO  and  R2O  compounds  are 
thought  to  play  the  role  of  network  modifier  in  the  iron  phosphate  glasses.  This  is 
supported  by  the  increase  in  thermal  expansion  coefficient,  increase  in  dissolution 
rate,  and  decrease  in  softening  temperature  as  the  sludge  content  is  increased.  The 
RO  and  R^O  in  the  sludge  are  thought  to  primarily  provide  weak  crosslinks  between 


the  iron  phosphate  groups. 
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Conclusion 


Glassy  iron  phosphate  wasteforms  have  been  made  which  contain  up  to  60 
wt%  of  the  C-112  sludge,  50  wt%  of  the  B-110  and  T-111  sludges,  and  20  wt%  of  the  C- 
106  sludge.  All  of  the  glassy  wasteforms  were  melted  below  1200°C  in  1  hour  in  high 
purity  alumina  crucibles  with  no  noticeable  corrosion.  Of  primary  importance,  the 
dissolution  rate  in  distilled  water  at  90'’C  of  the  glassy  wasteform  containing  60  wt% 
of  the  C-112  sludge  was  equivalent  to  that  of  other  borosilicate  waste  glasses.  The 
wasteforms  containing  up  to  35  wt%  of  the  B-110  or  T-111  sludge,  and  20  wt%  of  the 
C-106  sludge  also  had  similar  dissolution  rates  in  distilled  water  at  90°C. 

Corroded  wasteforms  containing  20  wt%  sludge  were  analyzed  by  EDS  and 
found  to  either  corrode  either  uniformly  or,  in  several  cases,  to  form  a  chemically 
protective  surface  layer  high  in  Fe203.  This  iron  rich  surface  is  suspected  to  form  by 

the  precipitation  of  iron  compounds  after  the  solution  becomes  saturated.  This  iron 
rich  surface  layer  could  be  highly  beneficial  in  decreasing  and  eventually  stopping 
the  dissolution  of  the  glassy  wasteform  in  closed  systems,  where  the  water  is  not 
replenished. 

When  the  sludge-containing  wasteforms  are  heat-treated,  the  dissolution  rate 
of  the  crystallized  wasteform  is  usually  the  same  as  or  lower  than  that  of  the 
corresponding  glassy  wasteform.  Exceptions  are  the  wasteforms  containing  20  wt% 
of  the  C-106,  C-112,  and  T-111  sludges  and  30  wt%  of  the  B-110  sludge  which  had  a 
slightly  higher  dissolution  rate  after  crystallization. 

Wasteforms  made  from  batches  containing  7  wt%  CaF^  had  a  lower  melting 
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temperature  (by  50°C)  and  a  higher  crystallization  temperature,  T^.  In  addition,  the 

dissolution  rate  of  glassy  and  crystallized  sludge  wasteforms  is  typically  decreased  5 
to  10  times  when  CaF2  is  added  to  the  batch  (except  for  the  20  wt%  waste  loaded 

glasses  and  the  C-112  30  wt%  crystallized  wasteform).  The  crystallization  behavior 
changed  with  CaF2  addition  (as  indicated  from  the  DTA  patterns),  but  the 

dissolution  rate  of  the  crystallized  waste  form  was  lower.  In  addition,  the  number  of 
compounds  crystallizing  from  the  glass  is  reduced  which  is  considered  beneficial  for 
radioactive  waste  disposal  glasses.  Overall,  we  conclude  that  using  CaF2  in  the  batch 

to  produce  a  glassy  waste  form  is  beneficial. 
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Table  II:  Batch  composition  (wt%)  of  wasteforms  containing  the  C-106  sludge. 

,,  _ _ 30  wt%  Fe^Oi _  _ 10  wt%Fe2Qv - 

20%  30%  35%  40%  40%  50%  60% 


1100  1200  1200  1250  1050  1150  1250 

results  glass  glass  glass  crystallized  |  glass  glass  crystallized 


Table  III:  Batch  composition  (wt%)  of  wasteforms  containing  the  B-110  sludge. 

_ 30  wt%  Fe->0^ _  _ 10  wt%  Fe7Q3 - 

W/o  30%  35%  40%  40%  50%  60% 


Table  IV:  Batch  composition  (wt%)  of  wasteforms  containing  the  C-112  sludge. 

^  _ 30  wt%  Fe^Oi _  10  wt%  Fe?Qi - 

20%  30%  35%  40%  40%  50%  60% 


Table  V:  Batch  composition  (wt%)  of  glass  wasteforms  containing  the  T-111  sludge. 

30  wt%  FctO'* _  _ 10  wt%  Fe^O^ 

*'20%  30%  35%  40%  40%  50%  60% 


Table  VIII;  Physical  properties  of  iron  phosphate  glass  wasteforms  containing  up  to 
60  wt%  sludge. 

_ _ p(g/cm3)+  T,(°C)^-^  a(xlO-7/°C)^-^^ 

C-106  sludge 
30%Fe2O3 

20%  sludge  2.92  488  90.2  618 

30%  sludge  crystallized - - - - 

35%  sludge  crystallized - 

10%Fe2O3 

40%  sludge  - phase  separated - - - : - 

50%  sludge  crystallized - - - 

60%  sludge _ nm _ nm _ nm _ nm _ 

B-110  sludge 
30%Fe2O3 

20%  sludge  3.05  510  95.4  609 

30%  sludge  3.19  494  93.0  590 

35%  sludge  3.19  512  97.6  nm 

10%Fe2O3 

40%  sludge  2.93  512  93.5  nm 

50%  sludge  3.01  292  101  n  m 

60%  sludge - - crystallized - - 

C-112  sludge 
30%Fe2O3 

20%  sludge  3.10  528  95.4  597 

30%  sludge  3.35  526  94.0  602 

35%  sludge  3.48 

10%Fe2O3 

40%  sludge  3.14  569  86.8  n  m 

50%  sludge  3.16  556  88.9  nm 

60%  sludge _ 3^29 _ 558 _ 101.9 _ rvm _ 

T-111  sludge 
30%Fe2O3 

20%  sludge  3.18  508  85.4  598 

30%  sludge  3.35  512  99.8  622 

35%  sludge  3.43  531  113.2  nm 

10%Fe2O3 

40%  sludge  3.12  522  83.8  nm 

50%  sludge  3.22  510  84.6  nm 

60%  sludge - - - - crystallized - 

+  =  ±  0.05g/cm3 
++  =±5°C 
+++  =  ±5  X  10-7/°C 
-H-++  =±5°C' 
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Table  IX:  Physical  properties  of  iron  phosphate  glass  wasteforms  containing  20  or  30 
wt%  sludge.  Data  in  parenthesis  are  for  wasteforms  made  with  7  wt%  CaF2. 


p  (g/cm^) 

T,  (“Q 

a(xl0'’'/°C) 

Tc(°C) 

20  wt% 

C-106 

2.92  (nm') 

488  (nm) 

90.2  (nm) 

619  (nm) 

B-110 

3.05  (3.18) 

510  (516) 

95.4  (108.2) 

608  (624) 

C-112 

3.10  (3.26) 

528  (554) 

95.4  (100.2). 

T-111 

3.18  (3.32) 

508  (522) 

85.4  (101.0) 

598  (638) 

30  wt% 

B-110 

3.19  (3.18) 

494  (542) 

93.0  (136.4) 

1 

C-112 

3.35  (3.36) 

526  (571) 

94.0  (132.5) 

602 (642) 

T-111 

3.35  (3.31) 

512  (547) 

99.8  (94.3) 

622  (629) 

‘nm  =  not  made 
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Table  X:  Dissolution  Rate  (Dr  )  of  glassy  and  crystallized  iron  phosphate  wasteforms 
containing  20  or  30  wt%  of  Hanford  sludges.  Dr  measured  in  distilled  water  at  90°C 
for  16  days.  Data  in  parenthesis  are  for  wasteforms  made  with  7  wt%  CaF2.^ 


Log  Dr  (g/cm2/min) 
Distilled  Water  at  90°C  for  16  days 


GIhss 

Crystallized  at 

800°C  for  24  hours 

20  wt% 

C-106 

-8.12  (nm‘) 

-7.71  (nm) 

B-110 

-7.58  (-7.50) 

-7.53  (-8.34) 

C-112 

-8.46  (-8.04) 

-6.93  (-8.68) 

T-111 

-8.74  (-7.38) 

-6.74  (-8.68) 

30  wt% 

B-110 

-7.52  (-8.35) 

-6.01  (-8.43) 

C-112 

-7.75  (-8.56) 

(+0.05%)  (-8.10) 

T-111 

-7.88  (-8.97) 

(+0.11%)  (+0.76%) 

"nm  =  not  made 
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Table  XI:  Batch  and  EDS  analyzed  compositions  (wt%)  of  an  iron  phosphate  glass 
wasteform  containing  20  wt%  of  simulated  C-106  sludge  after  immersion  in  various 
solutions  at  90°C  for  16  days. 

Composition  of  External  Surface  (wt%)* 


batch”"* 

as-made 

HCl  (pH2) 

H2O  (pH7) 

NH40H(pH12 

AI203 

3.5 

3.8 

3.9 

6.0 

3.8 

BaO 

0.2 

n/a 

n/a 

n/a 

n/a 

CuO 

0.8 

n/a 

n/a 

n/a 

n/a 

30.0 

29.4 

30.3 

43.1  ' 

28.0 

MgO 

0.5 

n/a 

n/a 

n/a 

n/a 

P205 

53.6 

54.2 

54.6 

44.0  . 

56.3 

Si02 

6.9 

8.0 

6.7 

5.3 

6.8 

Na20 

4.4 

4.7 

4.6 

1.5 

5.0 

total 

99.9 

100.1 

100.1 

99.9 

99.9 

*  ±  3  wt% 


**  calculated  assuming  no  volatiles  in  the  batch 
n/a  not  analyzed 
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Table  XII:  Batch  and  EDS  analyzed  compositions  (wt%)  of  an  iron  phosphate  glass 
wasteform  containing  20  wt%  of  simulated  B-110  sludge  after  immersion  in  various 
solutions  at  90°C  for  16  days. 

Composition  of  External  Surface  (wt%)* 


batch** 

as-made 

HCl(pH2) 

H2O  (pH7) 

NH40H(pH12 

A1203 

0.8 

1.3 

0.9 

1.1 

— 

Bi203 

7.7 

5.3 

6.8 

5.9 

— 

CaO 

0.4 

0.2 

0.3 

0.4 

P62O3 

30.0 

28.5 

27.8 

27.7 

P2O5 

49.7 

54.9 

55.9 

56.0 

— 

Si02 

7.0 

6.1 

5.5 

5.3 

Na20 

4.3 

3.6 

2.7 

3.5 

total 

99.9 

99.9 

99.9 

99.9 

— 

*  ±  3  wt% 

**  calculated  assuming  no  volatiles  in  the  batch 
- no  sample  available  for  analysis,  glass  totally  corroded 
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Table  XIII:  Batch  and  EDS  analyzed  compositions  (wt%)  of  an  iron  phosphate  glass 
wasteform  containing  20  wt%  of  simulated  C-112  sludge  after  immersion  in  various 
solutions  at  90°C  for  16  days. 


Composition  of  External  Surface  (wt%)* 


element 

batch** 

as-made 

HCl  (pH2) 

H2O  (pH7) 

NH40H(pH12 

AI2O3 

1.2 

1.7 

2.2 

2.4 

CaO 

4.8 

2.4 

2.4 

2.4 

— 

Fe203 

30.0 

29.4 

33.4 

33.8  - 

NiO 

2.8 

2.1 

1.9 

— 

PbO 

0.3 

n/a 

n/a 

n/a 

— 

P2O5 

48.7 

56.2 

51.9 

51.2 

Si02 

0.8 

1.0 

1.0 

1.0 

— 

Na20 

2.1 

2.0 

1.4 

1.7 

— 

UO2 

9.2 

5.3 

5.8 

6.1 

— 

total 

99.9 

100.1 

100.0 

100.1 

— 

*  ±  3  wt% 

**  calculated  assuming  no  volatiles  in  the  batch 

- no  sample  available  for  analysis,  glass  totally  corroded 

n/a  not  analyzed 
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Table  XIV:  Batch  and  EDS  analyzed  compositions  (wt%)  of  an  iron  phosphate  glass 
wasteform  containing  20  wt%  of  simulated  T-lll  sludge  after  immersion  in  various 
solutions  at  90°C  for  16  days.  ^ 

_ _ Composition  of  External  Surface  (wt%)* 


element 

batch*"^ 

as-made 

HCl  (pH2) 

H2O  (pH7) 

NH40H(pH12 

AI2O3 

0.3 

1.3 

1.7 

1.7 

0.9 

Bi203 

8.9 

6.4 

9.1 

7.5 

6.8 

CaO 

1.0 

0.4 

0.9 

0.5 

0.4 

FezOs 

30.0 

29.2 

35.8 

31.6 

27.7 

1-1^203 

1.5 

1.0 

1.4 

1.0 

N4 11203 

3.1 

2.0 

2.1 

1.9 

1.6 

P2O5 

49.0  . 

53.7 

44.4 

50.6 

57.3 

SiOz 

3.4 

3.6 

2.4 

2.6 

2.0 

Na20 

1.7 

1.6 

1.1 

1.8 

1.8 

UO2 

1.0 

0.5 

0.9 

0.5 

0.5 

total 

99.9 

99.7 

99.8 

99.9 

100.0 

±  3  wt% 


*“■  calculated  assuming  no  volatiles  in  the  batch 
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calculated  assuming  no  volatiles  in  the  batch 
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Table  XV:  Batch  and  EDS  analyzed  compositions  (wt%)  of  an  iron  phosphate  glass  wasteform  containing  35  wt%  of 
simulated  and  T-111  sludges  and  50  wt%  of  the  C-112  sludge  after  immersion  in  distilled  water  at  90°C  for  16 
days. 


Table  XVI:  O/P  ratio  of  sludge  containing  wasteforms  based  on  batch  composition. 


Waste  Loading 
(wt%) 

Fe203  Content 
(wt%) 

O/P 

result 

C-106 

20 

30 

3.82 

glass 

30 

30 

4.39 

X-tal 

35 

30 

4.76 

X-tal 

40 

30. 

5.21 

X-tal 

20 

22 

3.47 

glass 

20 

10 

3.10 

glass 

35 

10 

3.59 

'  glass 

40 

10 

3.80 

X-tal 

50 

10 

4.33 

X-tal 

20 

0 

2.94 

.  glass 

30 

0 

3.25 

glass 

35 

0 

3.44 

glass 

40 

0 

3.66 

X-tal 

50 

0 

4.23 

X-tal 

B-110 

20 

30 

3.53 

glass 

30 

30 

3.85 

glass 

35 

30 

4.05 

glass 

40 

30 

4.28 

X-tal 

40 

10 

3.37 

glass 

50 

10 

3.80 

glass 

60 

10 

4.43 

X-tal 

C-112 

20 

30 

3.46 

glass 

30 

30 

3.74 

glass 

35 

30 

glass 

40 

30 

4.12 

X-tal 

40 

10 

3.16 

glass 

50 

10 

3.37 

glass 

60 

10 

3.66 

glass 

T-111 

20 

30 

3.47 

glass 

30 

30 

3.76 

glass 

35 

30 

3.94 

glass 

40 

30 

4.14 

X-tal 

40 

10 

3.20 

glass 

50 

10 

3.54 

glass 

60 

10 

4.03 

X-tal 
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Figure  1:  XRD  patterns  for  wasteforms  containing  20  wt%  of  the  C-106  sludge,  35 
wt%  of  the  B-1 1 0  and  T-1 11  sludges,  and  50  wt%  of  the  C-1 12  sludge  crystallized 
at  650  or  750°C.  Peaks  labeled  with  a  *  are  common  to  at  least  three  of  the 
patterns  and  are  assumed  to  be  iron  phosphate  compounds  not  listed  in  the 
JCPDS  card  files. 
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Figure  2:  Set-up  for  measuring  the  bulk  dissolution  rate. 
Sample  (-1x1x1  cm)  is  suspended  In  100  mL  of  distilled 
water  (pH  7) ,  HCI  (pH  2),  or  NH4OH  (pH  1 2)  and  placed  in 

an  oven  at  90“C  for  up  to  1 6  days. 


made  with  an  additional  7  wt%  CaF2. 
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Figure  4:  TEM  and  XRD  of  wasteforms  made  with  30  wt%  C-1 12  sludge,  and  thosi 
with  an  additional  7  wt%  CaF2. 


IWTDaiTV  tCPS) 


Figure  5:  TEM  and  XRD  of  wasteforms  made  with  30  wt%  T-1 1 1  sludge,  and  those 
with  an  additional  7  wt%  CaF2. 
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Temperature  (°C) 


Figure  6:  Differential  Thermal  Analysis  curve  of  an  iron  phosphate  glass 
wasteform  containing  20  wt%  of  C-106  sludge.  This  curve  and  those  in  Figures 
7  thru  9  measured  at  a  heating  rate  of  5°C/min  in  a  nitrogen  atmosphere. 
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Temperature  (°C) 


Figure  7:  Differential  Thermal  Analysis  curve  of  an  iron  phosphate  glass 
wasteform  containing  20  and  30  wt%  of  B-1 10  sludge.  Dotted  lines  are  for 
glassy  wasteforms  made  with  7  wt%  CaF2. 
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Temperature  (®C) 


Figure  9:  Differential  Thermal  Analysis  curves  of  an  iron  phosphate  glass 
wasteform  containing  20  and  30  wt%  of  T-1 1 1  sludge.  Dotted  lines  are  for 
glassy  wasteforms  made  with  7  wt%  CaFp- 
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Figure  10:  log  Dp  (g/cm  /min)  of  iron  phosphate  wasteform  containing  20  wt%  C- 

106  sludge  (solid  line,  solid  symbol)  compared  to  DWPF-EA  (SRL),  CVS-IS 
(PNNL),  and  R7T7  (France)  borosilicate  glasses  (dashed  lines,  open  symbols). 

Dp  measured  in  solutions  of  HCI,  distilled  water,  and  NH^OH  for  16  days  at  90°C. 
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□  DWPF-EA 
O  CVS-IS 
A  R7T7 


p 

Figure  11:  log  Dp  (g/cm  /min)  of  Iron  phosphate  wasteform  containing  B-110 

sludge  (solid  lines,  solid  symbols)  compared  to  DWPF-EA  (SRL),  CVS-IS  (PNNL), 
and  R7T7  (France)  borosilicate  glasses  (dashed  lines,  open  symbols).  Dp 

measured  in  solutions  of  HCI,  distilled  water,  and  NH^OH  for  16  days  at  90°C. 
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Figure  12:  log  Dp  (g/cm^/min)  of  Iron  phosphate  wasteform  containing  C-112 

sludge  (solid  line,  solid  symbols)  compared  to  DWPF-EA  (SRL),  CVS-IS 
(PNNL),  and  R7T7  (France)  borosilicate  glasses  (dashed  lines,  open 
symbols).  Dp  measured  in  solutions  of  HCI,  distilled  water,  and  NH^OH  for  16 

days  at  90°C. 
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Figure  13:  log  Dp  (g/cm^/min)  of  iron  phosphate  wasteform  containing  T-1 1 1 

sludge  (solid  line,  solid  symbols)  compared  to  DWPF-EA  (SRL),  CVS-IS  (PNNL) 
and  R7T7  (France)  borosilicate  glasses  (dashed  lines,  open  symbols).  Dp 

measured  in  solutions  of  HCI,  distilled  water,  and  NH^OH  for  16  days  at  OO^C. 


CVS-IS  R7T7  DWPF-EA 


Figure  14:  Dissolution  Rate  of  glassy  (solid  bars)  and  crystallized  (hashed  bars)  iron 
phosphate  wasteforms  and  selected  borosilicate  glasses  given  for  comparison.  The 
asterisks  denote  wasteforms  that  gained  a  small  (up  to  0.36%)  amount  of  weight  after 
immersion.  The  numbers  at  the  top  of  the  solid  bars  denote  the  weight  percent  sludge  in 
the  wasteform. 
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Figure  15:  log  Dp  of  iron  phosphate  wasteform  containing  20  and  30 

wt%  B-110  sludge  (solid  lines)  and  glasses  melted  containing  7  wt% 
CaFo  (dashed  lines). 
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Figure  16:  log  Dp  of  iron  phosphate  wasteform  containing  20  and  30 

wt%  C-112  sludge  (solid  lines)  and  glasses  melted  containing  7  wt% 
CaF2  (dashed  lines). 
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Figure  17:  log  Dp  of  iron  phosphate  wasteform  containing  20  and  30  wt% 
T-1 1 1  sludge  (solid  lines)  and  glasses  melted  containing  7  wt%  CaF2 
(dashed  lines). 


Figure  18:  SEM  micrographs  of  exterior  surface  of  sludge  containing 
wasteforms  exposed  to  distilled  water  for  1 6  days  at  90°C.  (a)  shows  a 
cracked  surface  layer  on  the  surface  of  the  wasteform  containing  35 
wt%  T-1 1 1  sludge  and  (b)  shows  particles  deposited  on  the  surface  of 
the  wasteform  containing  50  wt%  C-112  sludge. 
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Figure  19:  ICP-ES  analysis  of  leachate  solution  after  PCT  testing  of  the  sludge 
containing  iron  phosphate  wasteforms  with  and  without  CaF2  (open  bars). 
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Figure  20:  Total  amount  of  material  found  in  distilled  water  after 
PCT  test  of  iron  phosphate  glass  wasteform  made  with  30  wt% 
sludge  (solid  bars)  and  those  with  an  additional  7  wt%  CaF2 
(hashed  bars).  The  ARM  reference  glass  is  shown  for  comparison 
(dotted  bar). 


Figure  21:  Final  pH  of  solutions  after  PCT  testing  (at  90®C  in  distilled  water 
for  7  days)  of  glasses  made  with  30  wt%  sludge  (solid  bars)  and  those 
containing  an  additional  7  wt%  CaF2  (hashed  bars).  The  ARM  reference 

glass  is  shown  for  comparison  (dotted  bar).  The  Initial  pH  and  final  pH  of  a 
blank  is  also  given  for  reference. 


Iron  Phosphate 
Glass 


Volume:  O.Sm^ 

Total 
Weight: 

Waste 
Loading: 

Other  Material  ^^0  kg 
Required  to 

Produce  the  (^62^3»  ^^2^5) 
Wasteform: 


Borosilicate  Glass 


5.65  tons 
1 7.7wt% 

4600kg 

(Si02,  B2O3,  Na20, 
AI2O3,  CaO,  Li20, 
^®2^3»  others) 


1 .67  tons 
60wt% 


Figure  22:  Comparison  of  the  wasteform  volume  and  mass  for 
vitrifying  one  ton  of  solid  C-1 1 2  waste.  The  borosilicate  wasteform 
is  assumed  to  have  a  maximum  P2O5  content  of  2.5  wt%  and  a  density 

of  2.75  g/cm^. 
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o 

Figure  23:  log  Dp  (g/cm  /min)  of  iron  phosphate  wastefoim  containing  20  wt% 
of  the  C-106,  B-110,  C-112,  orT-111  sludge.  Dp  measured  in  distilled  water 
for  up  to  16  days  at  90°C. 
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Figure  25:  log  Dp  of  sludge  containing  iron  phosphate  wasteforms  measured  in 

distilled  water  at  90°C.  Hashed  region  is  taken  from  reference  1 1 .  Dotted  lines 
indicate  the  dissolution  rate  of  the  CVS-IS  and  LD6-54-12  glasses. 


